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Preface

In modern “omics” times, capillary electrophoresis (CE) still finds its place as a powerful
high-resolution separation tool with many advantages in terms of small sample consump-
tion, green chemistry environmental-friendly technology, and versatility. CE found its place
orthogonally in classical chromatographic, spectrometric, and spectroscopic approaches for
the analysis of small to macromolecules and even particles or living cells. The high flexibility
of CE is in the many types of applications, and this aspect is illustrated in this new edition
of the book Capillary Electrophoresis: Methods and Protocols. The goal of this book edition
was again to actualize the approaches and relevant applications and techniques from the
first edition and present in a few chapters the state of the art in these CE applications and
developments. The readers should be able to find essential references in the various fields
presented and have some selected methods illustrated as protocols. The combination of
focused mini-review and application notes may be very useful for beginners and students to
get a quick overview of the field.

Capillary electrophoresis found its place with routine applications in biology, biotech-
nology, food sciences, and the environment with possible quantitative analysis of various
inorganic/organic ions in relevant sensitivity. We present in this edition the principal meth-
ods in CE separation involving CZE, MEKC, MECC, NACE, and corresponding hyphen-
ated techniques to organic mass spectrometry and ICP-MS and techniques of single-cell
analysis as well as derivatization, enantioseparation, or the use of'ionic liquids that are newly
highlighted. The use of CZE for the separation of living cells is also highlighted. In terms
of applications, various methods for the analysis of small ions, organic acids, amino acids,
and (poly)saccharides to peptides are shown with pollutants and biomarkers in food and
health. Overall, the book covers a wide field of interest which I hope will again be used for
applications.

I thank my colleagues and friends for having participated in the setup of this new edi-
tion and for having given shape to the new edition.

Neuberberg, Germany Philippe Schmitt-Kopplin
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Chapter 1

The GE-Way of Thinking: “All Is Relative!”
Philippe Schmitt-Kopplin and Agnes Fekete

Abstract

Over the last two decades the development of capillary electrophoresis instruments lead to systems with
programmable sampler, separation column, separation buffer, and detection devices comparable visually in
many aspects to the setup of classical chromatography.

Two processes make capillary electrophoresis essentially different from chromatography and are the
basis of the CE-way of thinking, namely, the injection type and the liquid flow within the capillary. (1)
When the injection is made hydrodynamically (such as in most of the found applications in the literature),
the injected volumes are directly dependent on the type and size of the separation capillary. (2) The bufter
velocity is not pressure driven as in liquid chromatography but electrokinetically governed by the quality
of the capillary surface (separation buffer dependant surface charge) inducing an electroosmotic flow
(EOF). The EOF undergoes small variations and is not necessarily identical from one separation or day to
the other. The direct consequence is an apparent nonreproducible migration time of the analytes, even
though the own velocity of the ions is the same.

The effective mobility (field strength normalized velocity) of the ions is a possible parameterization
from acquired timescale to effective mobility-scale electropherograms leading to a reproducible visualiza-
tion and better quantification with a direct relation to structural characters of the analytes (i.e., charge and
size—see chapter on semiempirical modelization).

Key words Hydrodynamic injection, Electroosmotic flow, Effective mobility, Mobility scale

1 Introduction

It is already more than two decades that Jorgenson and Lukacs [1,
2] presented zone electrophoresis in open-tubular glass capillaries
and capillary electrophoresis. This chapter does not aim to repeat
the fundamentals on CE that can be found very easily in many good
books and review articles [3—11], but to concentrate on some essen-
tial specificities of CE relative to liquid chromatographic techniques.
In liquid chromatography, the injection volume is determined
by the syringe volume or the injection loop size, and the solvent
velocity in the column determined by the pressure governed with
the pumps. The well-known instrumental setup of CE is remem-
bered in Fig. 1; the main differences to chromatography are the

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_1, © Springer Science+Business Media New York 2016
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Fig. 1 Schematic representation of capillary electrophoresis

colummn-setup-dependant injection volumes and  separation-buffer-
dependant Liguid flux in the column. These two specificities are
detailed in this chapter with some practical aspects and implications.

2 The Injection Mode

The hydrodynamic injection mode is far the most used injection
type in CE; the electrokinetic injection sometimes can offer higher
selectivity and even sensitivity but is seldom used because being
very sensitive to the constitution and quality of the sample. In the
hydrodynamic injection mode, pressure forces a small portion of
the sample into the open tube capillary plunging in the sample vial.
A difference in pressure is applied across the capillary by pressur-
izing the sample vial and the injected sample volume is propor-
tional to the following solution parameters:

_AP-d*t
inj n-L (1)
(with AP the difference in pressure across the capillary, 4 is the
capillary inner diameter, # the time of pressure application, 7 the
viscosity, and L the capillary length)

Too large sample zones may result in the distortions of the sig-
nals in the detector because the sample zone does not reach equilib-
rium before being detected. The general rule in CE is that the sample
plug should never exceed 3—4 % of the total column length. Table 1
gives a representative overview of the column volume and the
respective injected volumes when applying 0.5 psi for one second to
different column dimensions. The injection volume is directly



Table 1

The CE-Way of Thinking: “All Is Relative!”

Calculated total volumes, volumes injected per second hydrodynamic injection at 0.5 psi for different
columns lengths and i.d.

Column Total volume Volume injected In1s

Ld/Lt i.D. 50 pm i.D. 75 pm i.D. 100 pm
30/37 0.7 ul/1.8 nl 1.6 pl/9 nl 2.9 pl/28.6nl
40,47 0.9 pl/1.4nl 2.1pl/7.1nl 3.6 ul/22.5 nl
50,/57 1.1pl/1.1nl 2.5pul/5.8 nl 4.5pul/18.5nl
60,/67 1.3 pl/0.9 nl 2.9 pul/5 nl 5.2 ul/15.8 nl
70/77 1.5 pl/0.8 nl 3.4 pl/4.3nl 6 ul/13.7 nl

“Length to detector (Ld), total length (Lt)

proportional to the injection time: 10% of the column is thus filled
when applying 10 s pressure to a 37 column of 100 pm i.D.

It is important to remember these rules when adapting some
methods from the literature to various instruments when the
injection pressure conditions and /or column lengths are not nec-
essarily identical.

Additionally, it should be noted that identical injection times
with different column i.d. or length lead not only to different col-
umn volumes but also to ditferent local sample concentrations
when passing the detector. This is in particularly important when
analyzing analytes with concentration dependent aggregation
properties such as polymeric materials or natural organic matter.

3 The Driving Force: The Electroosmotic Flow

3.1 Origin

and Implications

Electroosmosis is fundamental process in CE. The electroosmotic
flow (EOF) is a direct consequence of the surface charge on the
wall of the uncoated fused silica capillary.

The wall of the fused silica capillary contain silanol groups
(pK, between 3 and 5 depending on the quality of the charge pro-
duction), which ionize as a function of the pH of the electrolyte
solution. This dissociation to silanate ions (SiO~) produces a nega-
tively charged wall. An electrical double layer is established at
solid /liquid interface to preserve electroneutrality.

An externally imposed tangential flow of the medium over the
surface leads to a distortion of the ions to create a “streaming
potential.” This process is reversible and when a voltage is applied,
the counter ions and their associated solvating water molecules
migrate toward the cathode. The produced movement of ions and
the associated water molecules result in a flow of solution toward
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Table 2

the detector. This flow effectively pumps solute ions along the capil-
lary generally toward the detector called as electrically driven pump.

The electroosmotic flow (u.,) is directly dependant on the
chemistry of the buffer such as the viscosity 7 and its dielectric
constant :

&g
4mr

(2)

peo =

¢ is the zeta potential measured at the plane of shear close to the lig-
uid-solid interface and is thus directly related to the pH of the buffer.
Since ¢ is related to the inverse of the charge per unit surface area, the
number of valence electrons, and the square root of the concentra-
tion of the electrolyte, an increase in the concentration of the electro-
lyte decreases EOF; strongly adsorbed cations will have the same
effects. The direct implication of these effects is that the liquid flow
through the capillary depends both on pH and capillary size. Some
flows are illustrated in theoretical (Table 2) and real values (Fig. 2).
The EOF is generated by the entire surface and therefore pro-
duces a constant flow rate all along the capillary. As a consequence,
the electrophoretic flow profile is plug-like in nature. Because ana-
lytes are swept at the same rate in the capillary sample, dispersion
is minimized. This is an advantage compared to the flow
encountered in pressure-driven systems such as liquid chromatog-
raphy (LC) where frictional forces at the liquid—solid interface,
such as the packing and the walls of the tubing, result in substantial
pressure drops. Even in an open tube, frictional forces are severe

Theoretical buffer flow (nl/min) in 50 cm long capillaries of different internal diameters (i.d. in pm)
as a function of the observed time of the EOF (a t.,; of 2.0 min corresponds to a buffer velocity of

25 cm/min)
Lot (Min)  i.d. 100 pm (nl/min)  i.d. 75 pm (nl/min) i.d. 50 pm (nl/min)  i.d. 20 pm (nl/min)
2.0 1964 1105 491 79
2.5 1571 884 393 63
3.0 1309 736 327 59
3.5 1122 631 280 45
4.0 982 552 245 39
4.5 873 491 218 35
5.0 785 442 196 31
55 714 402 178 29
6.0 655 368 164 26
0.5 604 340 151 24
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Fig. 2 Real £,; and corresponding buffer flow in a 37 cm capillary, 20 kV

a Cross-sectional flow Profile
Due to electroosmotic flow
b Cross-sectional flow Profile

Due to hydrodynamic flow

Fig. 3 Flow profiles in electrophoretic and pressure-driven separation columns

enough at low flow rates to result in laminar or parabolic flow pro-
files (Fig. 3). In laminar flow the solution is pushed from one end
of the column and the solution at the edges of the column is mov-
ing slower than the solution in the middle of the column, which
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results in different solute speeds across the column. Therefore,
laminar flow broadens peaks as they travel along the column.

4 “All Is Relative!” or the CE-Mode-of-Thinking

4.1 Qualitative/
Quantitative
Implications of
p-Scale Transform
ations

The “CE-mode-of-thinking” as it was already called by Whatley
[12]is a prerequisite handling CE problems and reaching the goal
of robust results. Reaching good reproducibility in migration times
(qualitative aspects) and in peak integration (quantitative aspects)
is part of these goals: the low reproducibility in these parameters is
very often related to little changes in EOF due to uncontrollable
alterations of the capillary surface, leading to not always under-
standable migration time shifts, especially when analyzing real sam-
ples (matrix effects). A first step to increase qualitative and
quantitative precision is the choice and standardization of the
proper operating, calibrating, and equilibrating conditions, leading
to stable EOF and reproducible migration times. This goal can be
reached with different experimental setups as, for example, ade-
quate rinse steps or voltage preconditioning techniques [13].

The standardization/normalization of raw electrophoretic
data sets cannot only be accomplished by experimental optimiza-
tion, but also by how which they are visualized and analyzed.
Software available to control and process signals of the CE were
mainly derived from existing classical chromatography techniques
and allowed the description of the signal variation only as a func-
tion of time. Electrophoretic separations, however as seen before,
are not based on the same separation processes as in chromatogra-
phy and the time-based plots are not necessarily representative of
the fundamental parameter controlling mobility which is the veloc-
ity of the sample per unit of field strength (not linear with time).
An extensive study demonstrated recently the high reproducibility
that is afforded by using effective mobility (thus independent of
small EOF changes), allowing taking this parameter as a robust
reproducibility tool instead of migration times [14]. Only recently
has available software adapted to these needs, allowing high preci-
sion calculations of the now automated mobility and eftective
mobility calculations of selected peaks with CE-adapted integra-
tion algorithm [15]. This qualitative improvement allows the
effective mobility value of a component at given separation pHs
(combined with its UV—visible spectrum, and the use of a spectral
library as obtained by diode array detectors) to be used as a
decision-making tool for accurate peak assignments [16, 17].
Hudson et al. clearly showed the advantages of this alternative for
the use of CE-DAD (instead of the classical GC/NPD technique)
in forensic toxicology when screening for the “general unknown,”
among basic drugs in body fluids [18, 19].



4.2 The Mobility
Scale Transformation
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Various attempts to normalize total raw electrophoretic data
for improved qualitative comparison have already proposed,
including plotting the signals versus the gquantity of electric charge
[20], the 1/time domain [21], using migration indices [22], and
migration time ratios [23], or using dimensionless parameters like
the reduced mobility [24, 25]. These transformations increase sig-
nificantly the reproducibility in the calculated parameters but can-
not be used directly for the quantification of the analytes. The
transformation of the entire time-scaled electropherograms to the
corresponding effective mobility scale (using EOF markers or
internal standards of known /calculated mobility) is another recent
approach for normalizing CE data sets and opens news possibilities
in qualitative as well as in quantitative data treatment. This last
approach has been followed in our group for several years in differ-
ent applications [26-28].

It is essential to identify some basic rules of CZE [29] that support
the proposed x-scale transformation. Each molecule has a specific
effective mobility as a function of its own physicochemical character-
istics (charge, size) within a given separation buffer (pH and ionic
strength governing its charge and hydrodynamic radius). The mea-
sured electrophoretic mobility, p., (cm?/V s or cm?/V min) is cal-
culated from the measured electrophoretic velocity, »., (cm/s or cm/
min) and the applied electric field strength E (V/cm), taking account
of the migration time (%,), length of the capillary to the detector
(Ly), the total length of'the capillary (L), and the applied voltage (V):

s — ve _ LdLt
» E tmV

(3)

The measured migration time (#,) and the corresponding
measured mobility do not reflect the velocity (directly correlated
to the effective electrophoretic mobility, p.¢) of the analytes in the
separation system because they are also dependent on the electro-
osmotic flow acting as pump for the bufter toward the cathode (see
CZE setup in Fig. 4). The effective mobility can thus be regarded
as a V/cm-normalized velocity of the molecules in the capillary
obtained by changing the reference system from the observer (time
measurement of signals through the detection device) to the buffer
system itself; this absolute value becomes independent of the used
column lengths, voltages, and even buffer velocity fluctuations
(EOF changes). The effective electrophoretic mobility (p.¢) of the
analytes is calculated by subtracting the electroosmotic flow (peor)
from the measured electrophoretic mobility (pme)—EOF-
correction—and is used as an absolute electrophoretic value. Its
value is negative in sign for anions and positive for cations:
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EOF O
Q ".43.?_: g (D : anions
® ) : neutral
. J’_.

D

.?.

: cations

Fig. 4 Capillary zone electrophoresis standard setup; the sample is injected at the anode; the EOF is governing
a liquid flow toward the cathode and the sample is separated based on the differences in velocities of the ions
in the capillary. Comparison of the setup to a train with a given velocity in which persons are running with
always the same own velocity in the same direction than the train (anions), the contrary direction (cations) ...
or are sitting in the train (neutrals)

l”lcff = l’lmcs _l’leof (4)
L,-L,-(t.—t,
ha == (ter ~t) (5)
'tm'teof

During measurements, the detection signals (from UV /Vis,
LIF, MS, etc.) are plotted against time—signal =£{#,,). Transforming
the data into the p-scale does not give any loss in information
because of the bit-to-bit correspondence similar to the transforma-
tion into the 1/t domain or in infrared spectroscopy from wave-
length to frequency terms [21]. The input parameters for the
transformation in pg—scale are only Ly ,L, V, and #. (the EOF
peak is determined manually after addition of mesityl oxide)
according to Eq. 5—signal =f{ ).

If an internal standard with known (or measurable) mobility
Ui (time 2,,) is used, the transformation is similar by calculating
first z.,r from Eq. 5 and substituting the value of z.s to Eq. 5 to
obtain the signal as a function of p.g A software was written for
these two alternatives; normal spreadsheet calculation software can
be used as well. Thus, one obtains [6] as:

Ld-Lt(t, —t,.)
Vetm-t,, (6)

Hgﬁf = Him +



4.3 EOF-Dependant
Migration Time
Fluctuations
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No better sentence fits better with the CE-mode-of-thinking than
Albert Einstein’s “all is relative.” How explain better the need
effective mobility transformation than with: all is relative to the
endoosmotic flow!

When assuming only little changes in the viscosity of the buffer
(a parameter that is nearly impossible to measure systematically in
the laboratory), i.e., when operating at constant temperature,
Eq. 5 governs the changes of the migration time (#,) ofa component
with the EOF () as a function of the column lengths (L and L),
the applied voltage ( V), and the effective mobility (u) of the ana-
lyzed molecule (p.+ has a constant value in the same separation
bufter). Illustrated in Fig. 5 is the relationship between these key
parameters in plots of migration time (#,) versus the time of the
endoosmotic flow (z.). The four chosen . correspond to four
components bearing charges of 1, 2, 3 and, respectively, 4 (for
example, fully ionized benzoic, phthalic, trimellitic, and pyro-
mellitic acid in alkaline pH). Clearly small fluctuations in the EOF
from one measurement to another can have big effects on the
migration time of components. For example, at 25 kV and with a
60,/67 cm column, the change in EOF from 2.2 to 2.6 min would
induce a shift in the migration time of a highly charged molecule
from 13.4 min to over 60 min.

Molecules with lower mobility, however, would not be affected
as much (Fig. 5). This effect is increased for higher applied volt-
ages and lower column lengths.

Small variations in the EOF affecting the migration time of a
component (and thus the reproducibility of the observed electro-
pherogram) may occur when analyzing samples from real matrices
[30] or trying to follow variations in mobility of samples by addi-
tion of some ligands in the separation buffer within affinity capil-
lary electrophoresis studies [31, 32].

However under identical separation buffer conditions, the
effective mobility of a component is by definition constant and
independent of any changes in EOF. As a response to this fact we
proposed a representation of the primary data in the mobility scale
(u-scale) [16, 26, 33]. The plots of the measured signal in the 1/
time domain (also possible in an online mode) have already been
proposed by other authors as useful way of representation of elec-
tropherograms [21]. Even though the difference between two
peaks becomes a linear function of their difference in mobility in
the 1/¢ domain, variations may occur when the EOF is not stable
within a measurement series, so that different separation condi-
tions (column length, voltage) cannot be compared directly.
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Fig. 5 Theoretical implication on migration times by changes in EOF times for different experimental column
lengths (constant voltage separation of 25 kV) for three substances of different effective mobility (correspond-
ing from their mobility to mono-, di-, and tricarboxylated benzenes)
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5 Qualification and Quantification Implications

absorbance

absorbance

L 3

Improvements on the performance characteristics of capillary
electrophoretic separations when applying u-scale transformation
according to Eq. 5 are illustrated with an example. Derivatives of
benzotriazoles and benzothiazole used as corrosion inhibitor in
metalworking fluid were determined with CE under highly basic
condition (25 mM CAPS pH 11.75, 15% acetonitrile) [ 34]. Because
of the alkaline separation medium needed for deprotonization of the
analytes, the system is sensitive to any changes of the local activity of
the bufter and the silanol groups on the capillary surface. To increase
the method robustness necessary for routine application, mobility
scale transformation was tested since (1) easy to use, (2) fast, (3) no
additional measurements are needed, and (4) the measurements can
be compared directly even they were made different days and differ-
ent instruments since the effective mobility independent on the cap-
illary length and applied voltage. An electropherogram and eftective
mobility scale of the five analytes is shown in Fig. 6. The X-axis of
the mobility scale is minus-scaled which manifests that the analytes
were separated as anions. Because the data acquisition rate is linear
with time, and the mobility is a function of 1 /%, an increased num-
ber of data points will be found from cations to anions in the u-scale
electropherograms. For fast moving cations, a high data acquisition

EOF (:[”{*_

uce, alhl A )N e
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2 3 4 5 6 7
time [min]

g

COOH S

2 s

N />—s||
x N

NH

N
:(:E 7
N

P, Wy Al

0 -0.002 -0.004 -0.006 -0.008 -0.01 -0.012 -0.014
effective mobility [cm”2/Vmin]

Fig. 6 Electropherogram in time and transformed u-scale of the anionic analytes

-0.016
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rate should thus be chosen to get good visual peak separation, quan-
tification, and reproducibility. The transformed pu-scale can be han-
dled the same way as the electropherogram in terms of peak
integrations. Thus, the needed qualification and quantification
parameters can be easily determined and thus the p-scale is fitting
tool for validation and routine application.

A reliable peak assignment requires high precision of identifica-
tion parameter and sharp and resolved peaks. Thus, the within run,
day-to-day, and capillary-to-capillary reproducibility of migration
time and eftective mobility, experimental theoretical number plate,
symmetry factor, and resolution were determined before and after
u-scale transformation as shown in Table 3. The experimental num-
ber plates (N) decreased more than third in the migration window
of 2 min and it was linearly dependent (#2=0.925) on the time. The
experimental number of plates increased from 77,000 to 289,000
thousand in timescale to 230,000 to 408,000 thousand after p-scale
transformation. Additionally, when N were determined from effec-
tive mobilities, they were independent of the migration of the

Table 3
Performance characteristics of identification using time- and p-scale

COOH

NH NH
\N N S \
4 N Vau N

N N N N

Migration time (min) 4.57 5.17 5.60 5.81 6.40
Hese (cm2/V min) -0.0124  -0.0144  -0.0157 -0.0162 -0.0174
N’ from timescale 289,644 176,096 134,367 144,427 77,816
N* from p-scale 408,080 313,269 333,943 404,880 228,975
A from timescale 1.50 222 2,60 2,60 5

Ay from p-scale 144 2.10 2.46 2.31 4.78
Resolution R, from timescale 9.55 5.27 2.22 5.20

Resolution Rs from p-scale 13.16 6.85 2.97 6.57

Run-to-run RSD from timescale 2.77% 3.04% 3.37% 3.67% 3.77%
Run-to-run RSD from p-scale 0.47% 0.34% 0.29% 0.80% 0.26%
Day-to-day RSD from timescale 4.86% 5.51% 6.01% 6.26% 6.97%
Day-to-day RSD from from p-scale 0.81% 0.87% 0.97% 0.90% 1.10%
Cap to cap from timescale 5.27% 5.34% 6.01% 6.32% 6.63%
Capillary to capillary from p-scale 1.91% 1.36% 1.61% 1.57% 1.45%

N’ apparent theoretical number plate obtained experimentally, As symmetry factor, R, resolution RSD relative standard
deviation
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analytes (no correlation was found between N and mobilities).
Because the endoosmotic flow and the effective mobility of the com-
ponents are the driving force in most CE separation techniques, the
peak width of the analytes is migration time dependent. Cations
moving with the EOF will show sharp peaks, and anions (moving
against the buffer flux in the capillary) become wider with higher
migration times in the time domain. In mobility scale, peak widths
become very similar for all analytes including cations to anions,
showing that this distortion effect is not only due to diffusion but
mainly results from the endoosmotic flow effect (the final velocity
through the detection window becomes slower by increasing abso-
lute effective mobility for anions). As a direct consequence of this
dependency, a higher reproducibility is found after mobility scale
transformation. The within-day precision of the identification was
10-15 times higher when effective mobilities were used as identifica-
tion parameter determined from p-scale. The same phenomenon
was concluded in the case of day-to-day and capillary-to-capillary
precision. The day-to-day and capillary-to-capillary RSDs decreased
from 5-7 to 1-2% (the RSD between capillaries have to be lower
than 4-6 % for fused-silica tubes with 50-250 pm i.d. as described in
the literature). Thus, the absolute values of the determined mobili-
ties from 1 day and capillary to the other can be applied and there-
fore the CE instrument and separation capillary can be effectively
controlled.

_LUL\_. | .
M‘\ _ L

3% MWF
T T 1 T T T T 1
5 7 9 11 0.01 0.012 0.014 0.016 0.018 0.02
migration time [min] effective mobility [cm”2/Vs]

Fig. 7 Electopherogram in time and z-scale of spiked standard solution of MWF emulsion
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Peak area from electropherogram
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The applicability of the mobility scale was also tested when
highly complex mixture was analyzed. The standard solution was
spiked with metalworking fluid (MWF) which is a stable emulsion
of oil and water. As shown in Fig. 7, systematic shifting in the
migration time of the solutes was observed in the function of MWF
content. It can be caused by different unpredictable factors such as
small difference in the viscosity of the injected sample or by matri-
ces differentiating the surface of the capillary wall and thus the
activity of the silanol groups resulting in changes in the endoos-
motic flow. Therefore, additional measurements or cleanup steps
in the sample preparation would have to be added for reliable iden-
tification of the target compounds from real samples. When the
electropherograms were transformed into p-scale, the eftective
mobility became independent on the metalworking fluid content.
Therefore, we can conclude that the matrices affected the EOF
and not directly the electrophoretic mobility of the solutes.

The applicability of the u-scale was also tested on quantifica-
tion was also checked through the validation. Thus, the quantifi-
cation performance characteristics were also determined from the
transformed scale. The precision, linearity, detection limit, and
accuracy were identically determined from electropherogram and
u-scale, since no systematic differences between the RSDs of the
peak area, the regression coefficient, the limit of detection, and
the recoveries were observed. Significant difference in the slope
of the calibration curve was determined as shown in Fig. 8 when
taking the areas calculated from timescale. To explain this phe-
nomenon, the absorption coefficient of the benzotriazole deriva-
tives was determined in the separation electrolyte with

Peak area from mobility scale

. 0 T T T 1

Concentration [mg/I]

40 60 20 0 20 40 60 80
Concentration [mg/1]

Fig. 8 Calibration curves determined from electropherograms in (a) time and (b) x-scale
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UV-spectrophotometer since the absorbance depends on the
length of the light, absorption coefficient concentration and only
this parameter has influence on the slope of the calibration curve.
Since the coefficient values were similar, the differences in the
slope values determined from electropherogram can be caused by
the differences of the time the plug migrating through the detec-
tion window. This difference is eliminated by the mobility scale
transformation; therefore, the slopes of the benzotriazole deriva-
tives became similar when determined from u-scale. The p-scale
can be therefore used not only for identification but for quantifi-
cation without any restrictions.

6 Concluding Remarks on Mobility Transformations

For possible routine analysis, capillary electrophoresis techniques
need to give comparable qualitative and quantitative results from
run-to-run and day-to-day measurements. Modern technology
allows these goals to be reached by new instrumentation. However,
for electrophoretic separations where the migration time of an ana-
lyte is directly related to the electroosmotic flow (as atfected by the
matrices), “chromatographic mode of thinking” and data processing
need to be readapted. Representing electropherograms in the
u-scale brings both qualitative and quantitative advantages.
Conversion of the primary time-scaled data to the mobility scale
(u-scale) leads to a better interpretation of electropherograms in
terms of separation processes. The benefits include better direct
comparison of electropherograms and an easier “peak tracking”
when trying to identify single components with complex matrices,
especially when the UV-visible signatures of the components are
also available. Peak integration also is often more precise when
done in p-scale as compared to the time especially when wide
ranges of concentration and voltage are involved. The same data
treatment can be done when comparing measurements done with
columns of different lengths or upscaling methods from one instru-
ment to the other. Furthermore, this data presentation was proven
to be necessary when describing the distribution of eftective mobil-
ity for polydisperse samples such as charged synthetic polymers and
NOM. This transformation is also applicable to other CE tech-
niques where changes in the EOF can alter the stability of migra-
tion times, such as CGE, MEKC, and ACE.

It is certainly unusual for the chromatography-mode-thinkers to
make the transformation from the timescale into the u-scale but prob-
ably “trivial” for CE-mode-thinkers who are used to induce differences
in the velocities of the molecules they want to separate. The fact is that
software to process electrophoretic-based CE data is needed.
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Chapter 2

A Semiempirical Approach for a Rapid Comprehensive
Evaluation of the Electrophoretic Behaviors of Small
Molecules in Free Zone Electrophoresis

Philippe Schmitt-Kopplin and Agnes Fekete

Abstract

A phenomenological model is proposed for the evaluation of relative electrophoretic migration of charged
substances present in mixtures and for the rapid pH optimization prior CZE method development. The
simple and robust model is based on the Offord model that takes account of the chemical structure. The
effective charge and the molecular mass of the molecule are needed; the charge can easily be calculated
from pK, obtained from known sources or simulated with existing pK-calculation programs. A first exam-
ple was chosen with the separation of hydroxy-s-triazines to illustrate the applicability of this simple
approach for determination of the first buffer-pH conditions prior experimental method optimization
when separation of different ions is needed. In a second example, the confirmation of aminoalcohols in the
CZE method development of unsaturated hexahydro-triazines and oxasolidines.

Key words Semiempiric model, Mobility simulation, Separation optimization, S-triazines,
Aminoalcohols, Formaldehyde releasers

1 Introduction

Especially within the fields of Genomics, Proteomics, and Peptidomics,
models for a better understanding of the free zone electrophoresis
of DNA fragments (few bp up to several thousands of bp), pro-
teins, or peptides were developed. These models intended an opti-
mization of the separation conditions, a prognosis of electrophoretic
separations of these mixtures, and identification of structures based
on standardized experimental separation conditions (i.e., small
peptide structures obtained after tryptic digestion) [1-5].

Since the introduction of CE in the 1980s, different simula-
tions of the capillary zone electrophoretic processes were pro-
posed. Some of the simulations aimed at the evaluation of
equilibrium (binding toward ions and mobility pH dependency) in
CZE [6] and can also be used for optimization of separation
parameters [7, 8]. Others principally aimed at understanding peak

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_2, © Springer Science+Business Media New York 2016
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anomaly/shape [9], peak sharpening effects [10], anomalous
spikes, boundary structures using the Kohlrausch regulating func-
tion [11], and allow correct interpretation of experimental CZE
results [12]. A last approach allowed the determination of physi-
cal-chemical parameters that can be deduced from the electropho-
retic behavior under variable experimental conditions (dissociation
constants pK, [13, 14], isoelectric points pI [ 14], hydrophobicities
Log(P) [15], charge [16, 17], binding constants [18]).

We propose to simulate electrophoretic mobilities with a sim-
ple and robust guideline for a rapid method development in CE
based on a model involving easily accessible structural data of the
analyte (pK, molecular mass). On the other hand, screening of
unknown components through a series of CE experiments at dif-
terent pH allows the evaluation determination of charge variations
of these analytes. The proposed model was verified for low molecu-
lar weight components.

2 Semiempirical Models

Semiempirical models were already described from the mid-sixties
to predict the mobilities of peptides in electrophoretic separation
systems and to obtain information on their amide groups [19].
These descriptions were rapidly adapted to capillary electropho-
retic separations of polypeptides and proteins [20]. The effective
mobility of an analyte can be generally described with a charge-to-
size model where the size of the molecules is approximated by their
molecular mass M. It was found to be a continuous function of
M3 to M?/3, depending on the magnitude of M and the ionic
strength of the buffer.

The mobility of an analyte in free solution is defined as the
ratio of its electric charge Z (Z=q.e, with e the charge on an elec-
tron and g the valency) to its electrophoretic friction coefficient f

(Eq. 1).

p= (1)

q¢
f

All models are based on Eq. 1, with two parameters needing to
be estimated: the net charge and the frictional coefficient.

Z
~ R+ xR @

(R is the sphere radius, k™! the Debye length, & the permittivity,
and Z the particle charge)
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Charge estimation: The { potential of charged spherical particle
is expressed with Eq. 2:

The charge Z can be estimated from the pK of the analytes as
a function of the pH with the Henderson—Hasselbalch equation.
However for a series of analyzed components, the pK values found
in literature databases are often not comparable or useable for the
chosen experimental conditions (measured at different ionic
strength, temperatures, or in different solvents). In this case, sev-
eral simulation programs are available and can be used; some were
tested within this study. Best results (relative values) are obtained
when taking a homogeneous set of values (i.e., calculated with
identical programs or from the same database).

Frictional coefficient (f) estimation: This parameter (f) corre-
sponds to the drag (viscous) force the particle experiences when
moving with a given velocity under an electrical field and its esti-
mation is more ambiguous than for charge. An approach would be
usable to derive it from the Nernst—Einstein equation:

D= kT (3)
f
(D is the diffusion coefficient, % the Boltzmann constant, 7 the
temperature)
ge
==—xD 4
W=or (4)

(% is the Boltzmann constant, T the temperature, z the charge, u
the mobility)

Because this relationship is rarely used, diffusion coefficients
(D) can be determined [21] with Eq. 4 when the mobility and the
charge are known:

f=6mR (5)

(n is the viscosity, R the radius of the ion)
A first approximation of f can be used for spherical shaped and
rigid ions through the Stokes Eq. 5:

qe
= 6
M 6mR (6)

This leads to mobility Eq. 6:

The resulting approximations, however, are very imprecise
because R is often unknown and can only be determined on basis
of diffusion, sedimentation, or electrophoretic mobility. Moreover,
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the solvent/water and ions moving with the analyte are not taken
into account. This effect can be estimated taking account of the
Debye theory presented earlier and the nature of the solution con-
tiguous to the ion (ionic strength, counterions). The ion cloud can
influence the mobility and lead to relaxation eftects. Cituentes and
Poppe (1997) combined the relaxation effects and electrophoretic
retardation effects into a reducing effect on the mobility. They pre-
sented a model in which the effects of the deformation of the ion
cloud around the moving ion was included and leads to formation
of an electric force that counteracts the applied field [2]. In the
case of large moving ions (compared to the buffer ions), the rela-
tion could be reduced to Eq. 7:

4
MzAX6niR2 (7)

(with A is a constant)

Theoretical approaches give much insight into the mobility of
smaller ions, but fail for highly charged and larger ions. Following
a more empirical approach is therefore often the best strategy [2].

3 Mobility Prediction from Structural Data

Many empirical models can be found in literatures that were devel-
oped that fit the experimental and predicted data for very specific
compounds classes (mainly peptides). These mobility expressions
usually include in the formula the charge (Z) of the analyte, its
molecular mass (M), or the number of amino acids (7). These for-
mulations include:

Grossman’s Eq. (8) [4]:

log(Z +1)

}.LZAXM—B (8)

(Z the charge, A and B are constants, #» number of amino acids)
Offords approach (Eq. 9) [5, 19, 22]:

Z

“’ = A X —M2/3 (9)
(Z the charge, A constants, M molecular mass)
p=Ax (10)

Mm
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Z
m= A B
(Z the charge, A, B, Cand m constants, M molecular mass)
Compton’s Egs. (10) and (11) [3, 20]:
Cifuentes and Poppe conducted this development further and
came up with a relation giving the best mobility prediction for
peptides (Eq. 12) with a combination of Egs. 8 and 9 [1, 2, 23].

Ax—log(;cBZ) (12)
(Zis the charge, A and B are constants, M is the molecular weight)

An interesting approach is the one of Fu and Lucy [24] that
integrated the effects of hydration using the McGovan hydration
increments [25] to further improve the prediction. It is however
limited to monoamines and the equations are far from being
phenomenological.

4 Experimental Approach

4.1 A Semiempirical
Model for Small
Molecules

For the development of a general mobility model, we wanted to
stay as close as possible to the phenomenological approach (Eq. 7).
Any purely mathematical data linearization and curve fitting would
improve the prediction but would limit the possibility of data inter-
pretation with the particular samples used for the fitting (see equa-
tions earlier).

Originally we wanted to use the equation for anionic NOM
(natural organic matter); we chose substances similar in structure
and mobility, like phenolic, aliphatic, and sugar acids. The relation
u=f(charge, size) had to be tested over different pH ranges to be
able to interpret mobility changes versus pH as derived from charge
and size effects.

The first problem was to find a homogeneous data set of pK
values. The values found in literature often varied in the range of
50%, due to the use of different solvents and temperatures. We chose
to simulate pK with three available p K-simulation software programs
and to compare the obtained values within the phenomenological
models. We estimated all pKs with the Pallas 3.1 [26], ACD-Labs pK
calculator 3.5, and the SPARC chemical reactivity model (the latter
was available thanks to Dr. S.W. Karickhoff, Dr. A.W. Garisson, and
Dr. J.M. Long, USEPA Athens Georgia USA [27, 28]). For a given
pH, different charged states are calculated in each of the three pK
calculation possibilities; when calculating the hydration effect with
the McGovan increment method this had to be taken in account.
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The Stoke’s radius can be obtained by treating the molecule as
a sphere and using the van der Waals volumes calculated by molec-
ular modeling (Alchemy III and ACD Sotware). From the vol-
umes, the corresponding radii were calculated assuming spherical
shapes. Since the size data obtained in this way is not always avail-
able, it was important to compare these models with systems using
the molecular mass only.

The tested models are listed in Fig. 1. From all tested combi-
nations (3 different pK sources, size modeled with M, 7, 5, v and
the hydration effect H), we selected the one that gave the best
regression coefficient. Hydration factors were calculated for each
substance and added to the molecular weight (weight factor taken
from the table in [25] as a function of the present structures (cal-
culations needed to be done at each pH to take account of the
partial ionization of the acidic groups) [24, 25]. These values are
given in Table 1 for selected data combinations and include pheno-
lic acids only. Other attempts to include additional molecular

Model compounds:
phenolic acids, aliphatic acids, sugar acids
polystyrene sulfonates (PSS), polyacrylic acids (PAA)

Charge parameters:
real pK,, pK,

simulated or real pK,, pK,

Size parameters:

van der Waals volumes (v), radius (r), surface (s)
HLB values, hydration (H)

molecular weight (M)

—

simulated versus experimental T
Structure -> mobility prediction from structure MOblhty

-> structure prediction from mobility

Phenomenological CZE-behavior model
u = f(charge, size)
n=A.Z/M"
n=A. Z/(M+B.H)"
n=AZ/r pn=A.Zls p=AZ/\v

Fig. 1 The applied approach for the phenomenological model
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Table 1

pK; (calculated from the Pallas Software package) and molecular weight of selected aliphatic,
phenolic, and sugar acids

pK, Molecular Molecular
Aliphatic acids (Pallas) weight Phenolic acids pkK; (Pallas)  weight
Formic acid 355 46.0 Phenol 9.92 94.1
Acetic acid 4.56 60.1 Catechol 9.53,12.67 110.1
Oxalic acid 0.99, 74.0 Resorsinol 9.33,11.27 110.1
6.68
Propionic acid 4.76 74.1 Benzoic acid 42 122.1
Glycolic acid ~ 3.75 76.1 o-Hydroxybenzoic acid 4.07,9.72 122.1
Butyric acid 4.63 88.1 Methylcatechol 9.96, 12.69 124.1
Pyruvic acid 2.26, 88.1 Transcinnamaldehyde 13.15 132.2
2.26
Glyoxylic acid  1.18 90.0 2,4-Hydroxybenzaldehyd 7.33,9.3 138.1
Lactic acid 3.75 90.1 m-Hydroxybenzoic acid 2.66,10.03 138.1
Valerianic acid 4.84 102.2 p-Hydroxybenzoic acid 4.58,10.03 138.1
Malonic acid 2.77, 104.1 p-Hydroxyphenyl acetic acid 4.497.85 1522
5.38
Glyceric acid 341 106.1 Protocatechoic acid 4.45,9.94, 154.1
12.17
Fumaric acid 4.09, 116.1 alpha-Methylcinnamic acid 5.17 162.2
4.69
Levulinic acid  4.69 116.1 m-Coumaric acid 4.39,9.59 164.2
Succinic acid 4, 5.24 118.1 0-Coumaric acid 4.63,9.87 164.2
Erythronic 12.38 118.1 p-Coumaric acid 4.63,9.58 164.2
acid-1,4-
lacton
Tartronic acid  2.31, 120.1 Phthalic acid 2.95,5.41 166.1
4.64
Malic acid 3.16, 134.1 4-Tertiobuthylcatechol 10.03, 12.71 166.2
4.59
Threonic acid  3.86 136.1 Vanillic acid 4.47 168.2
Adipic acid 4.37, 146.2 Gallic acid 4.32, 8.86, 170.1
5.06 10.68
Tartaric acid 2.7,3.99 150.1 Ascorbic acid 3.94,12.78 176.1
Galactonic 12.13 178.2 +-3,4,-Dimethoxycinamic acid ~ 4.54 176.2
acid-1,4-
lacton

(continued)
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Table 1
(continued)
pK; Molecular Molecular
Aliphatic acids (Pallas) weight Phenolic acids pK; (Pallas)  weight
Isosacharin 3.19 180.2 4-Hydroxy, 9.63,13.31 178.2
3-methoxycinamaldehyde
Citric acid 2.39, 192.1 Coffeic acid 4.57,9.5, 180.2
4.01, 12.04
49
Mannonic 3.16, 192.1 Coniferyl alcohol 10.09 180.2
acid-1,4- 12.73
lactone
2-Keto- 3.08 194.1 Homovanillic acid 4.43,7.85 182.2
gluconic acid
5-Keto- 3.26 194.1 Ferulic acid 4.58,9.58 194.2
gluconic acid
Gluconic acid  3.27 196.2 Syringic acid 4.36,10.03 198.2
Galactaric acid  2.92, 210.2 Trimellitic acid 2.81,4.16, 210.1
3.63 4.76
Glucaric acid ~ 2.92, 210.2 2,6-Naphthalene dicarboxylic ~ 3.67,4.51 216.2
3.64 acid
Sinapic acid 4.53,9.58 224.2
Pyromellitic acid 1.86, 3.03, 254.2
4.5,5.67
Quercetin 8.9,9.95, 302.2
11.23,
12.83
Conidendrin 9.8,10.36 356.4
Matairesinol 9.98,10.06 358.4
Pinoresinol 9.92,10.53 358.4
Hydroxymatairesinol 9.95,10.05 3744
Rutin 8.92,10.1, 610.5
11.38,
12.63

characteristics such as the hydrophobicity (LogP) or the ovality of
the molecules were not successtul.

The requirement to the separation buffer was to be noncom-
plexing toward the analytes so that the measured mobility could be
attributed to structural effects only. Borate is, for example, a buffer
that interacts with diol groups and therefore induces some mobility
shifts as a function of the binding strength. For all the tested com-
binations, we compared the experimental data (all data sets were



A Semiempirical Approach for a Rapid Comprehensive Evaluation... 29

Table 2

Selected best A2 results from the data linearization using different models for charge (pk; from ACD,
Pallas, SPARCS) and size (molecular weight Mw, van der Walls radius /%, hydration factor H corrected
van der Waals radius R?)

H from ACD H from SPARC  H from PALLAS

Mw2’3
hydr. r hydr. B2 hydr. B2 hydr. B hydr. R? hydr. B2 hydr. R?
pK\Size Mw?? Corrected Alchemy > ACD Alchemy ACD  Alchemy ACD  Alchemy ACD

ACD  0.9151 0.8689 09146 0.8847 0.8776 0.8747 0.8587 0.853 0.8581 0.8522
SPARC 094 0.8786 09395 09163 0.8754 0.8761 0.8866 0.8877 0.861 0.8599
PALLAS 0.9384 0.9134  0.9355 0.9097 0.9191 0.9187 0.9086 0.907 0.9213 0.9208

measured mobility p [em?®/ Vinin]
-0.050 0045  -0.040 -0.035 0030 -0.025 0020 -0.015 -0.010 -0.005 0.000

T 0.000
' a ah i
€ abphatic acids pH 11.0 i
W P35S taking the charge from sphere model e
4 phenolic acids, pH 5 /_,.'." " 1 -0.020
a phenolic acids, pH 9.3 . ? . “‘—““A
4 phenolic acids, pH 11.4 @ ol
----- Linear (all without PSS) Lo asgsl 4 -0.040
B .‘ e ‘-‘-A *
y=2.219x A o Z/NE"?
5 *e “ue )
R: = (.91 g A 1 -0.060
an- AL D
o A
o
4 -0.080
& & ® »
* L
& " 4 .0.100
L
= <0.120

Fig. 2 All experimental data sets involving phenolic acids at three different pH and aliphatic acids at pH 11

calculated with the phenolic compounds at three pHs) with simu-
lated mobility values involving the van der Waals volumes/sur-
face /radius and additional hydration volumes. The simplest model
(already proposed by Offord in 1966) was found to be the best
with a linearity of R?=0.9384 (see Table 2).

Including the experimental data of the aliphatic acids into the
Offord model, the data also fit into the linearity (Fig. 2). Aliphatic
acids were measured at pH 11.0 using CTAB to invert the EOF
and 2,6-naphthalenedicarboxylic acid as a UV absorbing back-
ground electrolyte [29]. Acetic acid was used as an internal stan-
dard for mobility correction.
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4.2 Simulation

and Separation

of Hydroxy-s-Triazines
as Cations and Anions
in CZE

The shape and the size of the molecules are thus directly
responsible for their mobility. Assuming a homogeneous density of
the molecules and a spherical shape, the radius is proportional to
the power of 1/3. This hypothesis was verified for all the model
phenolic acids studied earlier and found the relation (7=0.59385.
M3 with R*=0.901), where r was obtained from the calculated
volumes of the phenolic acids with Alchemy 2000 software.

When substituting this relation in the Stoke’s Eq. 6, the pro-
portionality of the mobility to M2/3 is verified. It was also found
previously by many authors that Otford’s model is verified for pep-
tides [2, 5, 22].

This result signifies that surface charge density governs the
mobility of these analytes. However, a universal model could never
been verified between all available data sets because the depen-
dency on M~ (a between 1/3 and 2 /3) was a function of the used
amino acid residues and the composition of the separation bufter
(complexing or noncomplexing, ionic strength effects on the
Debye length). In the studies presented here, we systematically
used noncomplexing (acetate and carbonate buffers) at the same
ionic strength (25 mM) and in all calculations structural data was
used from the same source (identically simulated).

This best empiric relation for mobility found with all tested
combinations, which can systematically be used in CZE method
developments is:

Z

=g

(13)

with A=2.219 in our experimental conditions for these analytes.

More information on mobility variation with pH is gained
with this approach than using the simple relation between the
mobility and the pK of the substances, which can only be taken as
a preliminary assessment of separation [ 30]. The Offord model can
be used in a general manner to simulate systematically the electro-
phoretic mobility of the components of interest over the pH range.
An example of theoretical evolution of the mobilities by pH is illus-
trated for aliphatic and phenolic acids in Fig. 3. Difterent pH zones
can be differentiated (arrows) in which the mobilities of the com-
ponents are governed alone by COOH groups (carboxylic acidity,
pH 5) or OH and COOH group (total acidity, pH 11.4). Ata pH
around 9, the phenols (low mobility) can be additionally distin-
guished from the phenolic acids (high mobility).

An example of the application of this approach is given for the
optimization of the separation of 12 hydroxy-s-triazines, all
hydroxylated metabolites of s-triazine pesticides presenting difter-
ent side chain substituents (Table 3). Based on Eq. 13, the pK, and
the molecular mass values in Table 3, an evolution of the
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homovanillic acid
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matairesinol
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2,6-naphthalen

Ascorbic acid
1-3,4,-dimethoxycinamic acid
Rutin

~——— Quercetin

N

adipic acid
——— malic acid
formic acid
succinic acid

butyric acid

——— pyruvic acid

citric acid

acetic acid

fumaric acid

— — galactaric acid

——— glucaric acid

———— gluconic acid

—— glycolic acid
glyoxylic acid

——— 2-keto-gluconic acid

——— 5-keto-gluconic acid

levulinic acid

malonic acid
lactic acid
oxalic acid
propionic acid
tartronic acid
——— valerianic acid

- tartaric acid
——— threonic acid

isosacharin

erythronic acid - 1,4-lacton
galactonic acid -1,4-lacton
——— mannonic acid -1,4-lacton

Fig. 3 Theoretical mobility evolution by pH using the Offord model for phenolic and aliphatic acids. Important
in this figure is not to recognize the different traces but actually to see the potential of the simulation in rapidly
recognizing the best pH for the optimal separation of components in mixtures
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Table 3

Substituted hydroxy-s-triazines (1-12 in Fig. 4), their mass M and acidic pK, and basic pk,

o

e

R1, R2 M pK, pKy
H, H 1 127 4.44 9.54
H, Et 2 155 4.64 9.93
H, iPr 3 169 4.71 9.96
H, tBu 4 183 491 10.34
Et, Et 5 183 4.94 10.31
H, mAr 6 233 3.96 9.48
Et, iPr 7 197 4.95 10.39
Et, tBut 8 211 52 10.88
iPr, iPr 9 211 5.01 10.88
iPr, Ar 10 245 4.24 9.78
H, Ar 11 203 4.02 9.49
iPr, mAr 12 275 4.29 9.73

4.3 Gonfirmation of
Aminoalcohol in the
CZE-Indirect Detection
of Formaldehyde
Releasers

theoretical mobility can be calculated as a function of pH. The
resulting curves are shown in Fig. 4.

From Fig. 4 it can easily been seen that the optimum separa-
tion pH is at low or high pH values; at neutral pH the mobility of
the analytes is zero (all analytes migrate with the EOF) due to the
zwitterionic character of the substances. Indeed the electrophero-
grams shown in Fig. 4 verify nicely this separation selectivity.

Actually the knowledge of the variations in electrophoretic
mobility by pH can be used to determine precisely pK, values as
illustrated with the same analytes in ref. [14] and in the review
chapter on pharmaceuticals of Marsh et al.

Unsaturated triazines and oxasolidines used as biocides in metal-
working fluid were separated at neutral pH condition since they are
not stable under acidic medium; they hydrolyze releasing formalde-
hyde and different derivatives of corresponding aminoalcohols.
According to Offord’s model, the Z/M?/3 values of the analytes
calculated at pH 7 are differed from each other, meaning that they
can be separated with capillary electrophoresis. However after sepa-
ration with a noncomplexing bufter, the measured mobilities did
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Fig. 4 Theoretical evolution of the mobility by pH for the substituted hydroxy-s-triazines in Table 3

not check up with the corresponding Z/M?/3 values (all measured
mobilities were much lower than the estimated ones). Moreover,
two substances migrated together in spite the fact that their calcu-
lated Z/M?/? was totally different (linear correlation between the
theoretical and measured values was as low as 72=0.320). Since the
hydrolysis products of these two analytes are identical we calculated
the Z/M?/3 of all possible aminoalcohols and compared them to
their measured mobility. Strong linear correlation (72=0.995) was
tound between the calculated and measured mobility of the amino-
alcohols as shown in Fig. 5.

Thus, applying this semiempirical approach it was possible to
verify that the selected hexahydro-triazines and oxasolidines were
rapidly hydrolyzed under the separation condition and thus the
hydrolysis products were detected. This hypothesis was verified
with CE/MS and NMR studies not shown here. Consequently,
these biocides can be indirectly identified with capillary electro-
phoresis if the sample does not contain the hydrolysis product
(derivatives of aminoalcohols).

5 Conclusion

The Offord model (effective mobility linearly correlated to Z/ M?/3)
was verified as the simplest and most accurate approach to rapidly
simulate the relative mobility of ions in free zone electrophoresis
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Fig. 5 Comparison of the measured mobility and Offord model (Z/M7?) of the selected unsaturated triazines
and oxasolidines and their hydrolysis products

based on their chemical structure. The charge can easily be calcu-
lated from the pK values (as from the literature, databases, or cal-
culated by simulation programs) and the mass can be used to
evaluate the frictional force. The accuracy of the model is robust
enough to give at least a good estimation of a starting pH when
developing methods to separate known substances in mixtures or
to confirm charge-to-mass ratios of known /unknown structures in

method development.
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Chapter 3

Derivatization in Capillary Electrophoresis

M. Luisa Marina and Maria Castro-Puyana

Abstract

Capillary electrophoresis is a well-established separation technique in analytical research laboratories
worldwide. Its interesting advantages make CE an efficient and potent alternative to other chromato-
graphic techniques. However, it is also recognized that its main drawback is the relatively poor sensitivity
when using optical detection. One way to overcome this limitation is to perform a derivatization reaction
which is intended to provide the analyte more suitable analytical characteristics enabling a high sensitive
detection. Based on the analytical step where the CE derivatization takes place, it can be classified as pre-
capillary (before separation), in-capillary (during separation), or postcapillary (after separation). This chap-
ter describes the application of four different derivatization protocols (in-capillary and precapillary modes)
to carry out the achiral and chiral analysis of different compounds in food and biological samples with
three different detection modes (UV, LIF, and MS).

Key words Derivatization, Capillary electrophoresis, In-capillary, Precapillary, Ultrasound-accelerated
derivatization, Microwave-accelerated derivatization, Amino acids, Food samples, Biological samples,
Fluorescein isothiocyanate (FITC), O-phthalaldehyde (OPA), Butanol

1 Introduction

Despite the impressive potential of CE to achieve analytical separa-
tions in a great variety of research fields, its main drawback is the
relatively poor detectability in terms of sensitivity, particularly
when UV detection is employed. This fact is attributable to both
the short on-column optical path length (controlled by the capil-
laries internal diameters) and the low amount of sample injected.
Different approaches such as the use of alternative detection sys-
tems, sample concentration procedures, and derivatization reac-
tions have been developed during the last years in order to increase
the sensitivity in CE. Derivatization is without doubt one of the
best options to achieve a high sensitive detection of many com-
pounds that cannot be detected because of the lack of structural
properties necessary for the production of a signal compatible with
the CE detector. Thus, derivatization is mostly a detection-oriented
modification of the original structure of an analyte by adding a

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
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chromophore, fluorophore, or electrophore group (the latter to a
lesser extent) in order to provide the suitable structural features to
increase the detection sensitivity. Along with an increase in detect-
ability, the derivatization step also improves the selectivity.

Even though in most cases, derivatization with a suitable
reagent is carried out with the purpose of enhancing the detect-
ability, it can also be used to improve other aspects. For instance,
derivatization can provide the analyte with a more appropriate
charge-to-mass ratio, improve the electrophoretic behavior (peak
shapes or interaction with chiral selectors), change hydrophobicity
to use MEKC separations, convert enantiomers into diastereomers
which can be separated under achiral conditions, or give analytes
(such as carbohydrates) more suitable properties for mass spec-
trometry detection [1-5].

To convert compounds into products with more favorable CE
detection characteristics, a wide variety of reagents exists, but in
any case, derivatization relies with the presence of a reactive group,
such as amino, hydroxyl, carboxylate, thiol, aldehyde, etc., in the
analyte. An ideal derivatizing reagent should contain strong chro-
mophore, fluorophore, or electrophore groups reacting rapidly
and quantitatively with the analyte to form stable derivatives with-
out interference side products. A broad number of reagents have
been applied to derivatize different compounds in CE analysis.
o-phthaldialdehyde (OPA) [6-8], 9-fluorenylmethylchloroformate
(FMOC) [9-11], fluorescein isothiocyanate (FITC) [12-14],
naphthalene-2,3-dicarboxaldehyde (NAD) [15-17], or dansyl-
cloride (DNS) [18-20] is among the reagents most employed.
Excellent reviews published during the last two decades provide
extensive documentation matching functional groups and reagent
for use in the development of CE methodologies (see Table 1).

Derivatization reactions in CE can be divided in three different
modes based on their place in the final analytical setup: before (pre-
capillary), during (in-capillary), or after (postcapillary) the electro-
phoretic separation. The most appropriate mode depends on
parameters such as the reason why the derivatization step is intro-
duced, the number of samples to analyze, the properties of the ana-
lyte and the reagent, etc. [24]. Precapillary derivatization mode can
be carried out either off-line (manual) or at-line (automated). Even
though the current tendency is to perform more in-capillary
derivatizations, the precapillary mode is still frequently used. This
fact is due to the high flexibility in the reaction conditions (i.e., it is
possible to carry out reactions requiring extreme conditions) and
the wide availability of reagents that can be employed. The main
drawbacks of this approach are the possible formation of side prod-
ucts, a loss in sensitivity due to the dilution of the sample, and the
fact that it is often time consuming. To overcome the long time
usually required to carry out a precapillary derivatization, it is highly
desirable to develop novel strategies for accelerating those slow
derivatization reactions. In any case, it should be taken into account
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Review papers on derivatization in capillary electrophoresis published in the last two decades

(1994-2014)

Publication
Subject year Reference
General strategies and selection of derivatization reactions for LC 1994 [21]
and CE
Improved detection and derivatization in CE 1994 [22]
Pre-, on-, and postcolumn derivatization in CE 1997 [23]
Derivatization in CE 1998 [24]
Postcolumn derivatization for fluorescence and chemiluminescence 1998 [25]
detection in CE
Derivatization trends in CE 2000 [26]
Derivatization trends in CE: an update 2002 [27]
Luminol-type chemiluminescence derivatization reagents for 2002 [28]
LC and CE
Derivatization of inorganic ions in CE 2003 [29]
Derivatization in the current practice of analytical chemistry 2003 [30]
Recent progress in derivatization methods for LC and CE analysis 2003 [31]
Derivatization of biomolecules for chemiluminescent detection in 2003 [32]
CE
CE using chemical and physicochemical reactions 2005 [33]
Sample preconcentration with chemical derivatization in 2006 [34]
CE. Capillary as preconcentrator, microreactor, and chiral selector
for high-throughput metabolite screening
Derivatization of carbohydrates for analysis by chromatography, 2011 [4]
electrophoresis, and mass spectrometry
Derivatization strategies for the determination of biogenic amines in 2011 [35]
wines by chromatographic and electrophoretic techniques
Ultraviolet derivatization of low-molecular-mass thiols for HPLC 2011 [36]
and CE analysis
Derivatization of hydroxyl functional groups for LC and capillary 2013 [37]

electroseparation

that using precapillary derivatization, peak shapes, efficiency, and
separation selectivity will be changed (either positively or nega-
tively) what means that not only the detectability of the analytes but
also the separation characteristics will be changed [24, 29]. Using a
postcolumn derivatization, the native analytes are separated and
derivatized afterward. This implies that interferences from side
products and band broadening caused by multiple reactions can be
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avoided. However, effects such as negative effects on peak
efficiency, loss of analyte, incomplete reactions, and high baseline
noise originate that this derivatization mode is less used. Regarding
in-capillary derivatization mode, it has received a considerable
attention in the last years due to its remarkable advantages over pre-
and postcapillary derivatization modes. Among these advantages
are a low consumption of reagents and samples, high derivatization
efficiency, and short reaction time (it is generally accepted that
derivatization must be performed with reactions that are complete
in seconds). Comparing with pre- and postcapillary approaches,
sample dilution is reduced to minimum using in-capillary proce-
dures. Moreover, it allows automation which minimizes the sample
preparation work for CE users. As limitations, it can be pointed out
that the derivatization should be fast and quantitative what limits
the choice of derivatizing reagents. Figure 1 depicts the in-capillary
derivatization strategies that can be performed in CE. Both at-inlet
and zone-passing strategies (Fig. la, b, respectively) involve the
injection of separate plugs of sample and reagent before the applica-
tion of voltage. In the former, sample and derivatization reagent are
injected (either by tandem or sandwich mode) to the inlet of a

a
Injection UDEtecmr Reaction time UDetector
Ay R Ay Dy
R
A, A; D,
CE Run UDetector
R D; D,
Injection UDetector CE Run U Detector
A
tR R D, D,
A
C
Injection

AT R R R R
A R R R

UDetector CE Run U Detector
R

Fig. 1 In-capillary derivatization strategies: at-inlet (a), zone-passing (b), and throughout mode (¢). R reagent,
A analyte, D derivative formed from analytes
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capillary where they are mixed by diffusion and allowed to react
during a specific time required to complete the reaction. In the lat-
ter, the derivatization reaction takes place (normally in the middle
of the capillary) by passing either an analyte or a reagent zone
through the other under an electric field. In this case, sample, but-
fer, and reagent plugs can be injected in different modes; tandem,
sandwich, and mixed tandem (reagent—bufter-sample). To carry
out this zone-passing approach, it is imperative a good derivatiza-
tion yield in the short period of contact between the analyte and the
reagent plug. In the throughout-capillary approach, the derivatiza-
tion reagent is added to the background electrolyte (BGE) and the
analyte is injected directly into de capillary, so that the reaction
occurs within the capillary (Fig. 1c¢).

Since it is out of the scope of a single chapter to describe all the
reported procedures, four representative derivatization strategies
employed in the achiral and chiral CE analysis of different com-
pounds in food and biological samples will be herein described.
The first example shows an in-capillary protocol with a suitable
reagent to enhance the UV sensitivity of amino acids [38]. The
second and third examples describe the use of two different devices
to carry out an accelerated precapillary derivatization using FITC
as derivatization reagent for protein and nonprotein amino acids
[39, 40]. The last example shows a simple precapillary derivatiza-
tion strategy enabling to improve the ionization efficiencies of
nonprotein amino acids in CE-MS analysis [41].

2 Materials and Equipment

2.1 In-Capillary
Derivatization by
GE-UV for the
Separation and
Determination of
Amino Acids in Beer
Samples

1. Analytes: Histidine (His), alanine (Ala), glycine (gly), tyrosine
(Tyr), valine (Val), arginine (Arg), isoleucine (Ile), phenylala-
nine (Phe), tryptophan (Trp), glutamine (Glu), lysine (Lys)
(from Sigma-Aldrich).

2. Sample preparation: Filter beer samples through 0.2 pm mem-
branes prior to use.

3. Derivatization reagent: o¢-phthalaldehyde (OPA) (Sigma-
Aldrich). Prepare 10 mM OPA by dissolving 1.6 pg in a mixture
of methanol (16 pl) and 2-mercaptoethanol (24 pl) following
by diluting with 20 mM borate buffer to 1.192 mL (se¢e Note 1).

4. BGE: 20 mM borate buffer (prepared by dilution from a stock
solution of 100 mM at pH 10.0) containing as additives 40 mM
1-butyl-3-methyl-imidazolium  tetrafluoroborate  ([BMIm]
BEF,), 40 mM SDS, and 2.5 mM B-CD (see Notes 2 and 3).

5. CE-UV instrument and capillary: Commercial CE system
(CL1020 Beijing Cailu Science Apparatus) equipped with UV
detector working at 340 nm. Normal polarity (electric field at
200 V/cm) and constant room temperature. Uncoated fused
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2.2 Ultrasound-
Assisted Derivatization
of Ornithine for Its
Enantiomeric
Determination in
Dietary Food
Supplements by
CE-UV

2.3 Microwave-
Assisted Derivatization
CE-LIF Method

for the Determination
of Histidine, 1-

and 3-Methylhistidine
in Human Urine

silica capillary of 50 c¢cm total length (48 cm to the detec-
tor)x 50 pm i.d. (from Hebei Yongnian Optical Fiber Factory)
(see Note 4).

. Analyte: DL-ornithine (from Fluka).

. Sample: Dissolve an appropriate amount of dietary food supple-

ments in Milli-Q water. Filter through 0.45 pm pore size dispos-
able nylon filters and dilute this solution in borate buffer 100 mM
(pH 10.0) to obtain an appropriate concentration (see Note 5).

. Derivatization reagent: Fluorescein isothiocyanate (FITC)

(from Fluka). Prepare a FITC solution in acetone at the con-
centration necessary to obtain a FITC/ornithine ratio of 30
(see Note 6).

. BGE: 100 mM borate buffer at pH 10.0 containing 1 mM

v-CD (see Note 2).

. CE-MS instrument and capillary: HP?® CE instrument

(Hewlett-Packard) equipped with an on-column DAD work-
ing at 240 nm. Normal polarity (20 kV) and constant room
temperature. Uncoated fused silica capillary of 50 ¢cm total
length (48 c¢cm to the detector) x50 pm i.d. (from Composite
Metal Services) (see Note 4).

. Analytes: Histidine, 1-methylhistidine, and 3-methylhistidine

(from Sigma).

. Samples: Human urine samples collected from two healthy

volunteers (a female and a male). Before derivatization centri-
fuge (during 10 min) and filter through a 0.45 mm cellulose
acetate membrane the human urine.

. Derivatization reagent: Fluorescein isothiocyanate (FITC)

(from Aldrich). Prepare a stock solution of 10 mM FITC in
acetone, stored at —18 °C and diluted to the desired concen-
tration with acetone before use. The buffer solution used for
derivatization is 20 mM sodium carbonate and 20 mM sodium
bicarbonate at pH 9.4 (se¢ Note 5).

. BGE: 22 mM sodium tetraborate at pH 10.5 containing 32 %

(v/v) acetonitrile (see Note 2).

. CE-MS instrument and capillary: MDQ CE system equipped

with a LIF detection system (Beckman Coulter). The excita-
tion light from an argon ion laser (3 mW) is focused on the
capillary window by means of a fiber-optic connection. LIF
detection wavelength was fixed at 488 nm (488 and 520 nm
band-pass filters are used as excitation and emission filters,
respectively). Normal polarity (25 kV) and constant room
temperature. Uncoated fused silica capillary of 50.2 cm total
length (40 cm to the detector) x 75 pm i.d. (Yongnian Ruifeng
Chromatogram Equipment) (se¢ Note 4).
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1. Analytes: y-aminobutyric acid and p-alanine (from Sigma) and
pyroglutamic acid, alloisoleucine, ornithine, and citrulline
(from Fluka).

2. Sample preparation: Mix 40 g of vegetable oils and extra virgin
olive oils with 160 mL methanol:chloroform (2:1 v/v) and left
at =20 °C overnight. After centrifugation (4000xyg, 15 min,
4 °C) collect de upper phase. Wash the bottom phase with
100 mL methanol /chloroform/water (2:1:0.8 v/v/v) com-
bined the upper phase with those obtained previously. Wash
the mixed fraction (40 mL chloroform and 100 mL water),
centrifuge (4000 x g, 15 min, 4 °C) and evaporate the aqueous
phase to dryness in a concentrator at 80 °C.

3. Derivatization reagent: hydrogen chloride /1-butanol solution
(from Fluka) (see Note 7).

4. BGE: 0.1 mM formic buffer at pH 2.0 (see Note 2).

5. CE-MS instrument and capillary: HP3® CE instrument
(Agilent Technologies) coupled through an orthogonal elec-
trospray interfase (ESI, model G1607A from Agilent
Technologies) to an ion-trap mass spectrometer (model 1100
Agilent Technologies). Normal polarity (25 kV) and constant
temperature (25 °C). Uncoated fused silica capillary of 60 cm
to the MS detectorx50 pm i.d. (from Composite Metal
Services) (see Notes 4 and 8).

3 Methods

The methods described herein outline the use of different
derivatization protocols to determine compounds such as protein
and nonprotein amino acids in food and biological samples. In the
first example, an in-capillary (zone-passing mode) approach using
OPA as reagent to derivatize eleven protein amino acids is carried
out [ 38]. The derivatization step is needed to enhance the sensitiv-
ity detection by providing a suitable chromophore group to the
amino acids. Combining the in-capillary derivatization with a CE-
UV methodology based on a multiple buffer additive strategy, in
which an ionic liquid has been used to enhance the selectivity of
CE analysis, trace amounts of amino acids can be determined in
seven beer samples. The second and third methodologies herein
described are based on the use of an ultrasound probe and micro-
wave radiation to carry out an accelerated precapillary derivatiza-
tion of ornithine (a nonprotein amino acid) (Elena) or histidine,
1-methylhistidine and 3-methylhistidine (Zhou) with FITC. In the
first case, the ornithine derivatization is reduced 96 times (from
16 h to 10 min) by using an ultrasound probe to accelerate the
derivatization reaction [39]. In the second case, using a microwave
precapillary strategy it is possible to reduce the derivatization
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3.1 In-Capillary
Derivatization by
GE-UV for the
Separation and
Determination of
Amino Acids in Beer
Samples

3.2 Ultrasound-
Assisted Derivatization
of Ornithine for Its
Enantiomeric
Determination in Food
Supplements

by GE-UV

reaction of histidine and its metabolites to only 150 s [40]. Both
derivatization procedures can be successfully applied to the deter-
mination of ornithine in dietary food supplements by CE-UV [39]
or to the determination of histidine and its metabolites in human
urine by CE-LIF [40]. The last example of this chapter describes a
simple derivatization protocol of nonprotein amino acids and their
determination by CE-MS? [41]. In this work, the purpose of the
derivatization strategy is to use the carboxylic groups of nonpro-
tein amino acids to carry out the derivatization improving not only
the ionization efficiency but also the mass differentiation among
the analytes increasing the selectivity. After determining and iden-
tifying the six nonprotein amino acids studied in vegetable oil sam-
ples it was possible to propose some of them as novel markers for
the detection of adulterations in olive oils.

1. Between analyses the capillary is rinsed with BGE during 2 min
to obtain an adequate repeatability.

2. In-capillary derivatization by sandwich mode: injection of
OPA reagent (10 cm, 3 s), injection of sample (10 cm, 3 s),
injection of OPA (10 cm, 3 s) (see Note 9).

3. After the second injection of OPA reagent, insert the inlet cap-
illary in a vial containing the BGE and apply a separation
potential of 200 V/cm to start the electrophoretic process.

4. Figure 2 shows the corresponding electropherograms obtained
by the CE-UV analysis of OPA-amino acids in different beer
samples (see Note 10).

1. To maintain an adequate repeatability between injections the
capillary is rinsed at 1 bar with acetone (3 min), 0.1 M NaOH
(4 min), Milli-Q water (2 min), and BGE (4 min) (se¢ Note 11).

2. To carry out the precapillary derivatization mix 1 mL of food
supplement solution diluted in borate buffer at pH 10.0 with
2 mL FITC in acetone at the concentration necessary to obtain
a FITC/ornithine ratio of 30.

3. Use an ultrasound probe (microprobe (model CV-18) coupled to
a sonicator device Sonic Vibra-Cell (model VCX-130)) to acceler-
ate the derivatization reaction. Fix the tip of the probe at 3 mm
from the bottom of the solution, 10 min of continuous sonication
at amplitude of 100% without pulses (sec Notes 12 and 13).

4. Inject the sample previously derivatized by pressure (50 mbar
for 5 s) in the CE-UV system.

5. Apply a separation voltage of 20 kV to start the electrophoretic
process.

6. Figure 3 depicts the electropherograms corresponding to a
dietary food supplement derivatized with FITC spiked and
nonspiked with 0.1 mM DL-ornithine.
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Fig. 2 Electropherograms of CE-UV analysis of OPA-amino acids in seven beer samples. BGE: 20 mM borate
containing 40 mM [BMIm]BF,, 40 mM SDS and 2.5 mM p-CD; in-capillary derivatization by sandwich injection;
separation electric field strength, 200 V/cm, UV detection, 340 nm. (Reprinted from [38] with permission from
Wiley-VCH)

3.3 Microwave- 1. Rinse the capillary with distilled water (5 min), HCI (5 min),
Assisted Derivatization distilled water (2 min), and buffer (5 min) at the beginning of
CE-LIF Method for the each run to maintain a good reproducibility.

Determination of 2. To carry out the precapillary derivatization mix sequentially
Histidine, 1- and 10 pL of sample, 165 pL of derivatization buffer, and 25 pL of
3-Methylhistidine in 2 mM FITC solution into a 1.5 mL microcentrifuge vial. Then

Human Urine seal the vial by a small piece of parafilm and place it in a domestic
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Fig. 3 Electropherograms corresponding to (a) the dietary food supplement pre-
viously derivatized with FITC and spiked with 0.1 mM DL-ornithine and (b) the
same sample without spiking 0.1 mM DL-ornithine. CE conditions: BGE, 100 mM
borate buffer at pH 10 with 1 mM y-CD; ultrasound accelerated precapillary
derivatization with FITC, applied voltage, 20 kV; temperature, 25 °C. (Reprinted
from [39] with permission from Wiley-VCH)

microwave oven together with a conical flask containing 20 mL
water (see Note 14).

3. Apply microwave irradiation energy of 700 W during 150 s to
carry out the derivatization reaction (se¢ Note 15).

4. After cooling to ambient temperature, dilute the reaction mix-
ture 20 times with distilled water for CE analysis.

5. Inject the sample by pressure (3.45 KPa for 3 s) in the CE-LIF
system.

6. Apply a separation voltage of 25 kV to start the electrophoretic
process.

7. Figure 4a depicts a comparison of different derivatization
modes with that described in this protocol.

8. Figure 4b shows the electropherograms of human urine sam-

ples collected from volunteers under the described condition
of derivatization and separation.
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Fig. 4 (a) Comparison of different derivatization methods: (a) derivatization at 20 °C for 150 s, (b) derivatization
in a boiling water bath for 150 s, (c) derivatization in a microwave oven for 150 s at 700 W. (b) Electropherogram
of human urine from female (a) and male volunteer. CE conditions: BGE, 22 mM sodium tetraborate (pH 10.5)
with 32 % acetonitrile; microwave accelerated precapillary derivatization with FITC (150 s at 700 W), applied
voltage, 25 kV; temperature, 25 °C. (Reprinted from [40] with permission from Elsevier)

3.4 Simple
Derivatization of
Nonprotein Amino
Acids for Their
Determination as
Novel Markers for the
Detection of
Adulteration in Olive
Oils by CE-MS

w

. Between injections, rinse the capillary at 1 bar for 2 min with

buffer.

. Insert the capillary in the ESI interface. The capillary tip posi-

tion should be approximately 1 mm from the nebulizing
capillary.

. Prepare the sheath liquid isopropanol: water (50:50 v/v) with

0.1 % formic acid and degas it by sonication (se¢ Note 16).

4. Use a chromatographic syringe (SGE syringe of 10 mL from

Supelco) to introduce the sheath liquid in the CE-MS system
at a flow rate of 3.3 pL./min (see Note 17).

. Set the drying gas flow and temperature at 3 L/min and 300 °C,

respectively. Also set the nebulizer pressure at 2 psi (see Note 18).

. Fix the data collection settings of the ion trap for tandem MS

(MS?) analysis: positive ion mode (spray voltage at 4.5 kV);
scan range from 50 to 280 m/z, CE-MS? in MRM mode using
a fragmentation amplitude of 1.0 V and a width of 4 m/z.

. To carry out the precapillary derivatization add 1 mL of buta-

nol derivatization reagent to the evaporated extract of the sam-
ples and shake in a vortex. The reaction is carried out in an
oven at 80 °C during 30 min. After 5 min in a freezer to stop
the reaction evaporate to dryness the derivatization reagent
excess in a concentrator at 80 °C. Reconstitute the sample in
500 pL of acetonitrile:water (40:60 v/v) (see Note 19).

. Inject the sample previously derivatized by pressure (50 mbar

for 50 s) in the CE-MS system.

. Apply a voltage of 25 kV to start simultaneously the electro-

phoretic process and data collection on MS.
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10. By using this methodology was possible to determine
y-aminobutyric acid, p-alanine, pyroglutamic acid, alloisoleu-
cine, and ornithine in soybean, corn, and sunflower oils (citrul-
line was not detected in the oils studied). However, only
y-aminobutyric acid, f-alanine, and pyroglutamic acid were
determined in extra virgin olive oil samples whereas ornithine,
alloisoleucine, and citrulline were not detected. This implies that
both ornithine and alloisoleucine can be proposed as marker of
adulteration of olive oils with soybean, corn, or sunflower oils.

11. Figure 5 depicts the CE-MS? extracted ion electropherogram
(EIE) and the mass spectra for ornithine and alloisoleucine
obtained under the described experimental conditions in soy-
bean oil samples, extra virgin oil sample, and a mix of both.
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Fig. 5 CE-MS? extracted ion electropherogram for ornithine (a) and alloisoleucine (b) in (a) soybean oil sample,
(b) extra virgin oil sample, (c) oils mixture of both samples (i.e. extra virgin oil sample containing 2 or 5% of
soybean oil to ornithine or alloisoleucine, respectively) and (d) MS? spectra of both nonprotein amino acids in
the oil mixture. CE conditions: BGE, 0.1 M formic acid at pH 2.0; precapillary derivatization with butanol,
applied voltage, 25 kV; temperature, 25 °C. ESI conditions: positive ion mode (4.5 kV); sheath liquid,
isopropanol:water (50:50 v/v) with 0.1 % formic acid at 3.3 pL/min; drying gas flow, 3 L/min; drying gas tem-
perature, 300 °C; nebulizer pressure, 2 psi. MS? conditions at MRM mode, fragmentation amplitude at 1.0 V,
and isolation width at 4 m/z; (Reprinted from [41] with permission from Elsevier)
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4 Notes

10.

11.

. OPA is a fluorescence reagent which reacts with primary amines

of amino acids. This derivatization reagent can be used not
only for fluorescence labeling, but also for UV detection of
amino acids at 340 nm since it has no absorbance at this wave-
length. OPA derivatization reaction exhibits good performance
in alkaline borate bufter.

. Filter all buffer and solutions to prevent blockage of the CE

capillary.

. A multiple buffer additive strategy is employed to achieve an

efficient separation of all the OPA-amino acids studied. The
effect and optimum concentration of each additive added to
the buffer is exhaustively investigated.

. Before the first use, capillary must be conditioned. A standard

protocol to do that is the following: flush at 1 bar with 1 M
NaOH for 30 min, followed by milli-Q water for 5 min, and the
BGE for 60 min. In case that acidic separation buffer was required
to carry out the separation, it is reccommended to flush the capil-
lary with 0.1 M HCI during 5 min before the BGE. Moreover, at
the beginning of each day, the capillary should be conditioned by
flushing 1 M NaOH during 5 min, Milli-Q water for 5 min, and
BGE for 30 min. In the same way, it is strongly recommended to
rinse the capillary at the end of the day with 0.1 M NaOH
(5 min) followed by Milli-Q water (5 min).

. The derivatization reaction of amino compounds with FITC is

carry out at alkaline medium to favor the amine
deprotonation.

. Convenient FITC /ornithine ratios of 30 are necessary to reach

the optimum sensitivity [42].

. The butylation of compounds containing mono and dicarboxylic

acid groups not only improves greatly the ionization efficiencies
(and therefore the sensitivity) but also improves the mass difter-
entiation among the analytes increasing the selectivity.

. Due to the use of 1 M NaOH during capillary conditioning, it is

imperative to keep the capillary end out of the ionization source.

. The capillary inlet is briefly dipped into a water vial to avoid cross-

contamination after each of the three consecutive injections.

The detection of the studied amino acids do not show interfer-
ences from biogenic amines which are commonly found in
beer samples and that can react readily with OPA.

The washing step with acetone is crucial to remove conve-
niently FITC from the capillary. It allowed the solubilization
of FITC which improves reproducibility. Moreover, during



50 M.Luisa Marina and Maria Castro-Puyana

12.

13.

14.

15.

16.

17.

18.

19.

this conditioning either the ESI voltage and nebulizer pres-
sure should be switched off to prevent the entrance of NaOH
into the source.

Parameters such as distance between the ultrasound probe and
the bottom of the solution, and the sample volume must be
constant because their variation can modify the effectiveness
and reproducibility of the sonication.

By using this procedure it is not necessary to protect the solu-
tions from the light.

Use a microwave with small amount of load, i.e., with a small
amount of substance to “heat” may cause damage in the mag-
netron (essential part of a microwave oven). For this reason, a
conical flask containing certain amount of water is used for
protecting the microwave.

Microwave irradiation energy, microwave irradiation time, and
FITC concentration are parameters that should be properly
optimized to achieve an efficient derivatization.

The choice of sheath liquid, needed to ensure the electric cir-
cuit and permit the CE separation, has a significant effect in
sensitivity. Usually, the organic component is >50% to favor
the transfer of the analytes from the liquid into the gas phase.
A portion of the acid or base used in the BGE is also added to
the sheath liquid. It is strongly recommended degassing the
sheath liquid to eliminate the formation of air bubbles avoid-
ing drops in current.

The sheath liquid flow should be enough to form a stable aero-
sol in the ESI source.

The nebulizer pressure is set at low pressure since higher values
could cause a suction effect.

The samples are reconstituted in acetonitrile:water (40:60 v/v)
to achieve a stacking sample preconcentration.
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Chapter 4

Statically Adsorbed Coatings for High Separation
Efficiency and Resolution in GE-MS Peptide Analysis:
Strategies and Implementation

Martin Pattky, Katalin Barkovits, Katrin Marcus, Oliver H. Weiergraber,
and Carolin Huhn

Abstract

Coatings are necessary to prevent protein and peptide adsorption to the capillary surface and obtain high
intermediate precision. In this protocol, we first present our basic strategy to address peptide separation
using three different coatings: one neutral and two cationic coatings, the latter largely differing in their
induced electroosmotic mobility. In detail, we will describe how we apply the statically adsorbed coatings
to obtain very high plate numbers and high repeatability.

With some model examples, we clearly describe the scope of the method for the analysis of peptide
samples: tryptic digests are addressed as well as small glycoproteins and glycopeptides largely differing in
their effective electrophoretic mobility. We also show that the method is suitable for a fast screening of
peptide samples despite a high matrix load comprising of up to 500 mmol /L sodium chloride. We demon-
strate that this basic CE-MS method is rather independent of the polarity of the analytes with a very fast
near-baseline separation of very hydrophobic Ap peptides related to the onset of Alzheimer’s disease. These
examples will give an impression, which coating is most suitable for a specific analytical application.

Special attention is paid to difficult aspects of the coating procedure and the CE-MS method, e.g.,
the potential of cross-contamination when changing the coatings.

Key words Resolution, Coatings, Proteins, Peptides, Electroosmotic flow velocity, Mass spectrometry

1 Introduction

The analysis of peptide digests is currently dominated by
chromatography, especially nanoLC-MS, and relies almost exclu-
sively on tryptic digests. The advantage of using trypsin is its ability
to cut C-terminal to the most basic amino acids lysine and arginine
which gives rise to peptides with a rather homogeneous distribution
of basic amino acids. Without missed cleavages, an overall low charge
by the low number of cationic side groups per peptide prevails,
which is ideal for the analysis using LC-MS as the polarity range is
mostly acceptable which results in a low risk to have peptides

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
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without retention on the column. Though strongly hydrophobic
peptides may still be present as, e.g., well known for peptides from
the Alzheimer related peptides of Af [1, 2]. Many groups have now
shown that CE-MS is likewise suitable for the analysis of complex
proteomic samples [ 3] and can also be applied for biomarker discov-
ery, e.g., for urinary peptides [4]. Whereas LC-MS provides a very
high robustness with standard protocols for peptides partly with
posttranslational modifications such as phosphorylation or glycosyl-
ation, CE-MS offers specific advantages: extremely small sample
volumes may be analyzed. We routinely work with 7-10 pL sample
solution, from which more than ten injections can be made. With
the small capillaries compared to chromatographic columns, load-
ability is an issue in CE, if no preconcentration strategies are used.
However, we have to keep in mind that in contrast to L.C there is no
on-column dilution of the sample, instead, mostly a shortening of
the sample plug is possible. With the significantly higher separation
efficiencies—we routinely achieve about 300,000 plates when cat-
ionic coatings are used—the peak intensities are clearly higher when
the same amount of sample is injected as in LC. CE thus has intrinsi-
cally lower detection limits, when we look only at the absolute
injected amount of analyte. Despite the relatively low loadability in
the nanoliter range, we can achieve detection limits for peptides in
the nanomolar range with CE-MS.

We have developed a standard CE-MS method using a very low
pH (2.2) background electrolyte of 3:1 acetic acid:formic acid (each
1 mol/L, Buffer A) except when higher ionic strength is required
and where the concentration is doubled (Buffer B). This low pH
guarantees that all peptides migrate as cations. So far, we have not
observed any peptide sample we could not analyze with this method.

Another advantage is the often high matrix tolerance of
CE. For bare fused silica capillaries, relatively harsh rinsing steps
may be used; for adsorbed coatings recoating procedures may be
applied to obtain a fresh surface for further analysis. Salt as sample
matrix is not critical up to a certain value. Below we will show that
the analysis of samples with up to 500 mmol/L NaCl is possible
for screening purposes (i.e., identification of peptides, but not
quantification) (see Subheading 1.3).

In our work, we prefer a short CE run (5-10 min) with our
standard peptide CE-MS method for the screening of samples
from peptide synthesis instead of direction infusion experiments.
In most cases, no sample preparation other than dilution is neces-
sary to obtain high quality MS or MS/MS spectra and to minimize
quenching eftects upon some separation of the peptides. Isobaric
compounds may be discriminated. Especially fast inorganic salt
compounds including sodium, potassium but also chloride and
phosphate are well separated from the peptide signals. Rinsing
steps between analyses can be automized so the whole analysis will
take between 10 and 15 min analysis time for each sample. No
further manual steps are required and automation is possible.



1.1 Coating
Strategies
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Most of this screening can be done with a neutral coating as it
provides the largest range of mobilities and thus a quick overview.
With the (possibly prior) knowledge on the electrophoretic mobil-
ity, it may be advantageous to use, e.g., polybrene coating with its
fast cationic EOF for extremely fast analytes. In a second step, we
conduct a fine-tuning of the resolution choosing one out of three
coatings according to the absolute effective electrophoretic mobil-
ity as well as the range of analyte mobilities for the sample as will
be discussed later (see Subheading 1.5).

A large body of work has been published on capillary coating
strategies [5], both for CE with optical detection, but also explic-
itly for the higher demands of CE-MS [6]. We can discriminate
coatings via the charge on the coating being anionic, cationic, or
neutral. Alternatively, coating classes may be distinguished based
on the way the coating adheres to the surface: dynamic coatings
can most easily be applied just being added to the background
clectrolyte (BGE). As they are in large excess, they will nearly
always win the competition with the analyte for binding sites on
the silanol surface of the capillary and thus prevent reversible or
irreversible adsorption of the analytes. Also, harsh rinsing condi-
tions may be applied as fresh dynamic coating agent is delivered
upon rinsing with BGE. Dynamic coatings include small- to
medium-sized amines and polyamines (e.g., putrescine, spermine),
polysugars (methylhydroxy ethyl cellulose, hydroxyethylcellulose),
polymers of medium chain length (otherwise sieving effects
become present) such as polybrene or polyethylene oxides or
detergents. None of these dynamic coatings is compatible with
mass spectrometric detection.

Covalent contings are synthesized directly in the capillary by
various protocols. One of the oldest is the polyacrylamide coating
by Hjerten [7], which has several variants now. The great disadvan-
tage can be that its surface is relatively hydrophobic and may lead
to adsorption of hydrophobic proteins. The most favorite coating
is polyvinylalcohol (PVA), which may be covalently attached [8-
10], but may also be applied as static coating followed by a heating
step, where the PVA crystallizes. PVA provides an ideal surface
with its very high hydrophilicity, so that it is commercialized by
several vendors. The disadvantage of covalent coatings is the often
limited stability at very basic pH, the often tedious procedures for
their manufacture, and the relatively high price for commercial
capillaries compared to bare fused silica capillaries. But for many
applications they are long-term stable.

In our work we prefer, what we call statically adsorbed coatings.
A brilliant overview was given by Lucy et al. [5]. They are derived
from polymers with rather long chain length and adhere to the cap-
illary surface by physical effects, including hydrogen bridges and
hydrophobic interaction (i.e., entropic effects) for neutral coatings,
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1.2 Separation
Efficiency and Peak
Gapacity

1.3 Matrix Tolerance

but predominantly ionic interaction for cationic polymers. With the
large number of attachment sites for long polymer chains, very sta-
ble coatings can be obtained, if a suitable coating protocol can be
established. We learnt from our work that a good coating quality
often requires some time to bind to the surface. Especially the cat-
ionic coatings have to overcome ionic repulsion during the coating
process. On total we will show, how three coatings, two cationic of
different induced EOF velocity, and one neutral coating can be
chosen for optimal overall resolution of analyte signals.

In this chapter, we will first present some application examples
of our CE-MS method. They will show the advantages but also
some of its limitations. But we will demonstrate how impressive
the tuning possibilities with regard to capillary coatings can be. In
the second part of the chapter, all details of our coating procedure
are presented. The Notes section will further point to practical
aspects which will be helpful to start the method.

In CE-MS with normal capillary lengths (we use 60 cm), we com-
monly achieve a separation within 15 min, only a few peptides,
e.g., very small dipeptides, single amino acids, or very basic pep-
tides may be found at higher migration times in case of cationic
coatings. Most analytes are detected in a time window of about
10 min (see Fig. 1). Due to the extremely high separation effi-
ciency, a high peak capacity is obtained. Comparing 4-9 s peak
base width (for all but the late migrating analytes) with common
peak widths in LC, a similar peak capacity with chromatographic
methods would correspond to a separation window of about
30 min in conventional LC.

In Fig. la, a commercial tryptic digest of four proteins (BSA,
PYGM Rabit, ENOI1 Yeast, and ADHI1 Yeast) was analyzed with
OHNOON coating. Extremely sharp signals can be obtained with
a high quality coating. The plate numbers, of course, depend on the
diffusion coeflicient of the analytes, but plate numbers of more than
400,000 were reached with our method for all three coatings [11].
About 500 signals were recorded within less than 5 min as pre-
sented in the electropherogram in Fig. 1la. MS/MS protein identi-
fication using a fast Q-TOF instrument is possible with this sample
and high mascot score values between 200 and 600 were obtained
for all four proteins. For MS/MS the impressive separation effi-
ciency is critical with regard to the speed of the MS/MS cycles.
With appropriate settings for threshold and release time, high qual-
ity spectra can be obtained with standard MS1 and MS2 times of
333 and 200 ms, respectively. An example is given in Fig. 1b.

Matrix components can have a negative impact on both ionization
efficiency and analyte separation [12, 13] when chromatographic or
electrophoretic separation techniques are used, especially with
regard to sodium analyte adducts or sodium acetate clusters formed
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Fig. 1 (a) Excerpt of the electropherogram from the analysis of a commercial tryptic protein digest of four
model proteins (BSA, PYGM Rabit, ENO1 Yeast, and ADH1 Yeast) separated in 3:1 acetic acid:formic acid (each
1 mol/L, Buffer A); samples were injected for 15 s at 100 mbar, standard CE method with OHNOON coating,
—30 kV; (b) representative MS/MS spectrum for the peptide LGEYGFQNALIVR in another CE-MS/MS run

when a running buffer containing acetic acid is chosen [14]. In
contrast to chromatographic approaches, a high salt content in the
sample may have a positive or a negative impact on the separation
performance in CE with de/stacking or sample-induced transient
isotachophoretic phenomena [15-19]. Despite the impact of the
ionic strength of the sample solution described earlier, CE-MS anal-
ysis can be performed without further sample pretreatment when
samples with moderate salt content are investigated [20-22].

As an example for the analysis of samples with very high salt
concentration, we here show the CE-MS analysis of two oligopep-
tide samples of the recombinant human chemokine CCL16 con-
taining sodium chloride in a concentration up to 500 mmol /L for
dissolution and prevention of aggregation. The chemoattractant
cytokines (chemokines) form a family of secretory proteins which
typically comprise about 75 amino acid residues with two disulfide
bonds in their mature forms. Chemokines play an important role
in activation and chemoattraction of leukocytes and other cell
types; these functions are mediated by specific G-protein-coupled
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receptors on the surface of target cells. Posttranslational
modifications of chemokines have been described to increase or
reduce their biological function. The polypeptide CCL16 investi-
gated here contains an extension of about 25 amino acids at the
C-terminus of the chemokine core structure. The exact function of
this segment still has to be fully elucidated and is subject to further
investigation. Enzymatic degradation upon long-term storage at
4 °C was assessed with CE-MS and the results are given in Figs. 2
and 3. In both cases, a very broad sodium zone (represented by the
most abundant sodium acetate cluster), with its sharp boundaries
clearly indicating isotachophoresis, was obtained. Peptide signals
were well separated and were identified based on their mass differ-
ences to the CCL16 peptide confirming the assumed enzymatic
degradation. In both samples, degradation at the C-terminus was
more pronounced compared to the N-terminus.

Comparing the results for the two samples, Sample B clearly
contains a higher amount of sodium (broader isotachophoretic peak).

x10%
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2.54

1.5

02040608 1 12141618 2 22242628 3 32343638 4 42444648 5 5254 565976 62
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Fig. 2 CCL16 Sample A; standard BGE with LN coating, +30 kV; injection 3 s at 50 mbar; Buffer A; (a) The
extracted ion electropherogram (EIE) of the most abundant sodium acetate cluster mass 268.998 is shown;
(b) the EIEs for all assigned peptide masses are shown (the mass of intact CCL16 is detected at 6.08 min);
(c) enlarged view of (b) excluding the EIE of intact CCL16
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Fig. 3 CCL16 Sample B; standard BGE with LN coating, +30 kV; injection 3 s at 50 mbar; Buffer A; (a) the EIE
of the most abundant sodium acetate cluster mass 268.998 is shown; (b) the EIEs for all assigned peptide
masses are shown (enlarged view of (a), excluding the sodium acetate signal)

1.4 Peptide Polarity

While a partial resolution of the different peptides could be achieved
for Sample A, the transformation of the t-ITP stack into a CE-based
peptide separation was not completed for Sample B. Here, the ana-
lytes could only be separated from the sodium zone which indicates
that a sample salt concentration of 500 mmol/L or higher may be
inappropriate for CE-MS analysis when a proper separation of the
analytes themselves is required.

These results show that the CE-MS method is well suited for
a fast screening of unknown samples with high ionic strengths, if
transient leader ions are present. Both samples were successfully
investigated without further sample pretreatment and valuable
qualitative information was obtained within less than 10 min sepa-
ration time for both samples. The neutral coating allowed for a
very fast analysis of the investigated peptides due to their high
effective electrophoretic mobility. However, for larger sample
cohorts, frequent MS-source cleaning may be required.

With the use of tryptic peptides, mostly a limited polarity range
is obtained. This is ideal for LC-MS. Likewise, a rather good
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distribution of basic amino acids is achieved and thus a rather homo-
geneous charge distribution. Currently, it is unknown, if this is not
even a disadvantage for CE separation as only a limited mobility
window is present. In any case, the situation changes, when native
or therapeutic peptides are envisaged, where the polarity is prede-
termined. At least one charge (at the N-terminus) is present on
each peptide so that all peptides will be amenable to CE. However,
the distribution of hydrophilic vs. hydrophobic amino acids may
become problematic for chromatographic techniques. An exam-
ple are the very hydrophobic AP peptides being in charge for
Alzheimer plaque formation in brain, which are notoriously diffi-
cult to analyze with RP-HPLC [1, 2]. Ap 1-42 with the amino
acid sequence DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA
IIGLMVGGVV IA contains a high number of hydrophobic amino
acids and thus shows a very high retention in RPLC. When this
larger peptide is subjected to enzymatic digestion, the situation is
even worse as the C-terminus is solely composed of hydrophobic
amino acids at positions 29—42, while the N-terminus contains 5
basic amino acids (arginine, lysine, and 3 histidines) at positions
1-16. As a consequence, a full sequence coverage for tryptic or
Lys-C peptides cannot be obtained with RP-HPLC [23]. It has to
be pointed out that the N-terminal peptides from Ap digests with
trypsin or Lys-C cannot be covered by RPLC together with the
C-terminal one, as they comprise the hydrophilic amino acids.

We tested our standard CE-MS method with OHNOON for
Lys-C digested Ap 140 and 3 intact AP peptides, slightly varying
in the length at the C-terminus. The results are given in Fig. 4 for
intact Af. Baseline separation was obtained in less than 10 min. No
tailing and thus no hydrophobic interaction was visible.

With the same CE-MS method, also extremely hydrophilic pep-
tides containing a large number of basic amino acids can be

AB 1-38
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Fig. 4 CE-MS separation of three intact A peptides (1-42, 1-40, 1-38) with an OHNOON coated capillary.
Standard BGE, —30 KV separation voltage; sample injection 5 s at 50 mbar, Buffer A
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1.5 Resolution
and Coatings

characterized. For example, we analyzed a therapeutic peptide with
five arginines and a pI of >11 [24]. We here used polybrene coating
to account for the extremely large effective electrophoretic mobility
of this peptide in our standard BGE. In contrast, LC-MS failed even
when using HILIC columns [24].

To summarize, we can clearly show that CE-MS is able to
comprise all peptides in one run as at least one (N-terminal) charge
will be present. CE-MS is independent of the polarity of the pep-
tide species, which makes it ideal for the study of protein digests
with peptides of varying polarity and thus for diagnostic and thera-
peutic peptides.

When using coatings, the first aspect to be addressed is the reduc-
tion of adsorption phenomena and thus a higher robustness, just
like procedures such as end-capping for chromatographic columns.
However, with the surface modification, also the EOF is modified,
which strongly influences the resolution, which is proportional to
the square root of 1 /(¢ 4 p.,) and thus the difference between the
analytes’ mean effective electrophoretic mobility iz and the electro-
osmotic mobility p, [6]. With a neutral coating, this term reduces
to i, but for counterelectroosmotic migration of analytes, that is,
with cationic coatings when using a low pH BGE, very small values
and thus high resolution may be obtained. In contrast, for coelec-
troosmotic migration, very low resolution has to be expected.

For peptide analysis, we consider all three coatings. Figure 5
demonstrates the differences in overall analysis time and resolution
obtained from this comparison. Of course, for LN, the migration
order is reversed compared to the cationic coatings. Analysis time
for the coatings is polybrene < LN < OHNOON. Each coating has
an optimal resolution for different peptides, which is highest for
those peptides having an effective electrophoretic mobility closest
to peo. Of course, for LN this accounts for the slowest peptides but
tor the fastest with PB and OHNOON. Highest resolution would
be obtained with the effective electrophoretic mobilities of the two
analytes of one pair bracketing the electroosmotic mobility. The
analytes, however, would then show an overall migration in oppo-
site directions. With this knowledge we can now adapt the coating
strategy according to the analyte mobility in combination with the
analysis time: for highest effective electrophoretic mobility analytes,
PB is a good choice, for slow analytes, OHNOON may be pre-
ferred, whereas LN is ideal for analytes of intermediate effective
electrophoretic mobility. If mixtures with a broad analyte charac-
teristic are to be analyzed we mostly choose OHNOON, whereas
we select LN coating for prescreening experiments.

As an example for analytes with intermediate to fast effective
electrophoretic mobility, we analyzed intact RNase B (pI of RNase
A~9.63), which is decorated with high mannose glycans and thus
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Fig. 5 Separation of a tryptic BSA digest with 80 cm capillaries using Buffer B. Analytes were injected for 5 s
at 50 mbar. The separation voltage was +30 kV for the neutral and —30 KV for the cationic coatings. The stan-
dard coating procedure was used. (a) (LN), (b) (polybrene), and (¢) (OHNOON) show the base peak electro-
pherogram (BPE) constituted of the masses of all major BSA signals

has isoforms differing in the number of mannoses [5-9]. High
mannose glycopeptides or small intact proteins like the RNase are
relatively easy to separate [25], however, only at optimized EOF
conditions. As visible in Fig. 6, LN provides fast analysis with insuf-
ficient resolution. As there are clear differences in the effective
electrophoretic mobilities, another coating strategy will be helpful:
using polybrene, similarly fast separations can be obtained with
acceptable resolution. Only with the slow EOF for OHNOON
coating, however, very high resolution and near-baseline
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Fig. 6 Intact RNAse B with high mannose glycan isoforms. Buffer A, the separation voltage was +30 kV for the
neutral and —30 KV for the cationic coatings; samples were injected for 5 s at 50 mbar

separation is possible. In contrast, the analysis time is nearly dou-
bled. This example impressively shows the fine-tuning possibilities
with an appropriate coating strategy.

Small glycopeptides from immunoglobulin (IgG) purified from
human plasma using ProtG are an interesting example for low
mobility analytes. Twenty micrograms of IgG were tryptically
digested. Compared to the peptide backbone, the glycans constitute
relatively large hydrophilic substituents, which strongly reduce the
peptide electrophoretic mobility by increasing the hydrodynamic
radius. Sialic acids additionally neutralize cationic charges and fur-
ther reduce the migration velocity. With LN coating, too long
migration times evolve and diffusional band broadening reduces
both resolution and sensitivity. With cationic coatings, extremely fast
analysis is possible with separation times less than 3.5 min for poly-
brene and less than 5.5 for OHNOON (Fig. 7). Again, resolution is
lower for polybrene. With OHNOON a partial separation of pep-
tide isoforms differing in the number of galactoses is obtained. It has
to be noted that no separation for the IgG subforms (IgG 1, 2, and
4) based on the peptide moiety was obtained.

2 Materials

Capillaries: bare fused silica capillaries with 50 pm inner diameter,
length 60 or 80 cm.

Electrode cleaning: ethanol, if necessary aqueous ammonia
(1 mol/L)

Background electrolyte: acetic acid:formic acid, 3:1, each 1 or
2 mol/L (Buffer A and Buffer B).

Sheath liqguid composition: isopropanol:water, 1:1 plus 1% ace-
tic acid.

Reference standard: We use a tryptic digest of bovine serum
albumin as reference material (prepared at larger amount and
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Fig. 7 Glycopeptides in human IgG (tryptic digest); Buffer A was used in (a)—(c), Buffer B in (d), the separation
voltage was —30 kV. (a) polybrene, 60 cm capillary, (b) OHNOON, 60 cm cap., (¢) OHNOON, 80 cm cap., and (d)
enlarged view, OHNOON, 80 cm cap., Buffer B. Note the increase in migration time and analyte resolution from
atod

frozen in aliquots). Also, commercial standards may be analyzed or
ideally spiked tryptic digests as internal standards.

Tryptic digest. Chemicals required are acetonitrile, ammonium
bicarbonate, trypsin, glacial acetic acid, iodoacetamide, dithioth-
reitol, RapidGest, ice. Materials required are stove (37 and 60 °C).
Ninety-six well plates made of polypropylene (from NUNC) can
be used.

OHOON coating synthesis. ethylenedioxy-diethylamine, epichlo-
rohydrin, glacial acetic acid, ice bath, flask (250 mL), and stirrer.

Commercial coatings: LN coating EOTROL (concentrate)
from Target Discovery (Palo Alto, CA, USA), polybrene (>95%,
MW =15,000).
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3 Methods

3.1 Coating
Materials

1. The commercial LN coating is a polyacrylamide derivative,

which adheres to the capillary surface by hydrophobic interac-
tions. According to the vendor, it can be removed by highly
concentrated sodium hydroxide solution. This coating can well
be applied for a large range of applications. Many colleagues
report a higher robustness, when separations are conducted
with additional 10 mbar pressure. This is helpful for the elec-
trospray interface as no EOF transports BGE to the MS. The
need for additional pressure during the separation can easily be
assessed when frequent spikes occur for MS detection (with
the capillary being installed properly).

. The commercial polybrene solution (>95 %) has a relatively high

charge density and thus induces a very high electroosmotic flow.
With our standard BGE, the electroosmotic mobility is
-6.2x10* cm?/V s. The EOF velocity is almost pH indepen-
dent due to the presence of quaternary ammonium groups. The
great advantages of polybrene are very fast measurements and a
very high robustness of the CE-MS coupling as the EOF trans-
ports a significant amount of BGE to the interface. However, for
some applications, the EOF is too fast to allow for high resolu-
tion and a higher noise level is obvious in MS detection.

. OHNOON coating was optimized with regard to a moderate

charge density and thus moderate induced EOF, which in our
standard BGE is -5.2x10~* cm?/V s. In addition, instead of alkyl
spacers as in polybrene, we chose ether functionalities to increase
the hydrophilicity of the coating and reduce possible hydrophobic
interactions. The coating is not commercially available but can be
produced in a very simple synthesis according to a similar proce-
dure originally published elsewhere [26]. We prepared different
batches, which gave rise to suitable coatings with similar EOF. One
batch of 20 mL proved to be sufficient for 5 years of work proving
the excellent stability of the polymer when stored at 4 °C. The
OHNOON coating was synthesized according to [11]: 7.51 g
(0.05 mol) 2,2'-(ethylenedioxy)-diethylamine was dissolved in
water and the flask was positioned in an ice bath. Then, 4.65 g
(3.94 mL, 0.05 mol) epichlorohydrin were added dropwise to the
stirred solution. Within 48 h of continuous stirring, the solution
thickened and water (10 mL) was added, followed by seven addi-
tional days of stirring, until the reaction was complete. Afterwards,
the pH of the polymer solution was adjusted to 8 with 2 mol/L
acetic acid and diluted with water to a total volume of 50 mL,
yielding the viscous coating stock solution, containing 0.2 g/mL
of the coating agent (calculated as free base). The name
OHNOON was derived just from reading the functionalities in
the polymer repeating unit including the hydroxy, 2 amine, and
two ether functions.
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3.2 Coating First of all, the capillary has to be cut to a suitable length. We
Procedures routinely use 60 cm capillaries for CE-MS coupling (se¢ Note 1).
If we use a BGE of 2 mol /L, the capillary length has to be increased
or the separation voltage decreased to avoid excessive Joule heat-
ing. From our observation, a good capillary cut being smooth is
vital, especially on the MS side (see Notes 2 and 3). We remove the
polyimide coating at both ends at a length of 3 mm using a simple
lighter (see Note 4).

The capillary conditioning is critical to fully clean and activate
the silanol surface of the capillary. The rinsing processes are pro-
grammed as a CE method, also including the coating step itself, so
the whole procedure can be conducted automatically and unat-
tended (Table 1). During rinsing, the capillary outlet is immersed
in BGE (see Note 5).

3.2.1 Capillary
Conditioning and Coating
Application

Table 1
Protocol for capillary conditioning and application

Solution Time Pressure/voltage
Methanol 600 s 1 bar
1 mol/L HCI 600 s 1 bar
1 mol/L NaOH 1500 s 1 bar
Distilled water 600 s 1 bar
Coating solution® 1800 s 1 bar
For OHNOON additional 600 s 1 bar

rinsing with 1:10 diluted
coating solution (sez Note 6)

Incubation in coating solution ~ Overnight, at least 5 h
(see Note 7)

BGE 20-300 s 5 bar (see Note 8)

Test on permeability (watching
the capillary end upon
pumping with 1 bar)

BGE 600 s 1 bar
Conditioning at +30 kV 600 s +30 kV
(depending on the coating
type)
Rinsing with fresh BGE 600 s 1 bar
Cleaning spray shield and ESI ~ Optional; recommended
tip (see Note 9) with whenever increased MS
isopropanol or sheath liquid background is observed

“Polybrene 5% solution; LN EOTROL, dilution 1:5; OHNOON, dilution 1:5
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3.2.2 Rinsing
Out Coating Solution
and Capillary Conditioning

For coating application, different dilutions for the different
coatings are used: For polybrene, a 5% aqueous polymer solution
can be made and used directly. For LN and OHNOON we prefer
a 1:5 diluted solution for the coating application in order to avoid
clogging. The coating is left in the capillary overnight (see Note 7).
Short incubation times (e.g. 3 h) lead to significantly lowered sepa-
ration efficiency [11].

Having ensured the permeability of the capillary, the coating solu-
tion is rinsed out with BGE at 1 bar for 600 s (sec Note 8). Make
sure that you avoid rinsing steps with NaOH and organic solvents
from now on. For polybrene and LN coating it was stated that highly
concentrated NaOH solution will remove the coating. Afterwards,
the capillary is inserted into the electrosprayer and installed at the MS.
We strongly recommend an electrophoretic conditioning for at least
20 min at + or =30 kV (depending on the coating charge). During
this time, the ESI voltage should still be switched off to prevent
contamination of the MS: in this early time period one can observe
a very large signal intensity in the mass spectrometer of various com-
pounds. These signals diminish over time (typically 5-10 min) and
can be related to compounds still present on the capillary surface,
which leek into the BGE. Additionally, many compounds from the
fingertips of the operator as well as from the removal of the poly-
imide layer will be present until they are rinsed away by the sheath
liquid and the BGE (see Note 10).

A fresh inlet vial with BGE is now installed and the capillary is
rinsed at 1000 mbar for 600 s. In the last step before use, the
sprayshield and the sprayer are quickly wiped with isopropanol to
avoid contamination. We recommend waiting for additional 180 s
after cleaning of the electrosprayer until the MS is switched on to
ensure minimum contamination of the transfer capillary with the
coating polymer. The first measurements may still show some drift-
ing phenomena, which quickly diminish [11]. We use a tryptic
digest of BSA which was prepared according to the protocol
described in Subheading 3.5 in a 96-well plate. After digestion, the
wells were combined and aliquots were frozen for further use.

These are our criteria for a successful coating when using capil-
laries of 60 cm length (50 pm i.d.), BSA samples as described later
and the CE and MS parameters given as follows: The current
observed for +30 kV has to be stable at 33+2 pA for Buffer A.
Increasing the acid concentration by a factor of 2 (Buffer B)
requires to use longer capillaries and/or reduce the separation
voltage (we use 80 cm capillaries at +30 kV or 60 ¢m capillaries at
+25 kV) to avoid excessive Joule heating (see Note 12).

First of all, the migration times of the EOF are recorded. In
general, the EOF was very repeatable and low RSDs intra- and
interday were obtained. The EOF migration time for OHNOON



68 Martin Pattky et al.

3.3 CE-MS Method

3.4 Control Sample

was at 3.7-3.9 with a 60 cm capillary and Buffer A (see Note 13),
for polybrene at 2.9-3.2 min. The electroosmotic mobility of LN
coated capillaries was negligible.

An important criterion was the separation efficiency. For 60 cm
capillaries, plate numbers of 200,000-350,000 corresponding to
peak base widths of 4-8 s were obtained for most analytes with
migration times below 10 min. We here want to stress that very
often, repeatable EOF and high separation efficiency were observed
simultaneously. We did not observe bleeding effects. However,
recoating steps were shown to be beneficial for the long-term sta-
bility of the capillary coatings (see Note 13).

CE: The BGE usually consists of acetic acid (1 mol/L):formic acid
(1 mol/L) in a ratio of 3:1 (Buffer A) leading to a current of
33+2 pA (see Note 12). Sometimes, also a 2 mol/L (each) solu-
tion was used as the basis (Buffer B). The current was, of course,
significantly increased reaching more than 40 pA. For these mea-
surements, the voltage was decreased or the capillary prolonged
(80 cm or 25 kV for the 60 cm capillaries). Our standard injection
parameters are 50-100 mbar for 5 s. The usual run time for 60 cm
capillaries and 30 kV separation voltage is 15 min, if OHNOON is
used. For LN somewhat higher migration times may be observed
for very low mobility analytes. With polybrene, fast runs are pos-
sible. However, for the 2 mol/L BGEs and the 80 cm capillaries,
30 min are required to cover all peptides of the sample for
OHNOON and LN coating.

SL: The sheath liquid of the standard method consists of 50:50
water:isopropanol with 1% glacial acetic acid added for higher con-
ductivity (see Note 14). Acetic acid and protons are thus present in
the sheath liquid to provide counterions for the electrophoretic
run. The sheath liquid is delivered via an LC pump at a flow rate of
400 pL/min (see Note 15). If required we add tune masses for
internal calibration to the sheath liquid, e.g., 10-20 pL purine and
20-50 pL of the Agilent tune mass HP-1221 solution to 100 mL
sheath liquid. The signal intensity of these internal standards
should exceed 10,000 counts (see Note 16).

MS: For our QTOF a fragmentor voltage of 175 V is com-
monly used, higher voltages up to 215 V can be used when larger
peptides are to be analyzed. The capillary voltage is set to
4000 V. The data frequency is critical due to the very high peak
efficiency. Our compromise between intensity and accurate descrip-
tion of the signal is 2 Hz.

We use a tryptic digest of BSA to characterize the quality of the
coating. Standard electropherograms for all coatings are given in
Fig. 8. A good coating quality is characterized by peak base widths
in the range of 4-8 s for the majority of the peaks with migration
times below 10 min when Buffer A is used, including a significant
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Fig. 8 CE-MS electropherogram of a BSA tryptic digest under standard CE-MS conditions for a 60 cm capillary
with Buffer A, coated with (a) LN, (b) polybrene and (¢) OHNOON coating. Note the sharp peaks for all analytes
with migration times below 10 min

number of signals with peak base widths in the range of 6 s or
below (see Note 17). As described in [11] drifting migration times
may be observed for the first measurements. When stabilization of
the migration times is observed, RSD values for the migration
times in the range of 0.5% should be observed for analytes with
migration times below 10 min; RSD values in the range of 0.2-
0.3% are commonly achieved in our lab.

3.5 Tryptic Digestion  Tryptic digestion of BSA is performed based on a modified protocol
given by Selman et al. [27]. We use the same protocol also for other
standard proteins and protein samples of unknown composition. We
use 96-well plates from vwr (NUNC 442587) for the procedure.
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3.6 Cleaning
Electrodes
and Prepunchers

1. The commercial trypsin (sequencing grade modified trypsin) is
dissolved with 100 pL ice-cold aqueous acetic acid solution
(20 mmol /L) (57.2 pL glacial acetic acid in 50 mL distilled
water). The solution is then diluted to 2000 pL using a 15:85
mixture of acetonitrile and distilled water. All solutions are
stored on ice.

2. 2 pL of the protein solution (for protein standards usually
10 mg/mL protein in water) are added to 15 pL RapidGest
solution (0.1%, which is prepared dissolving the content of
one vial of RapidGest from the vendor in 1 mL aqueous
NH,HCO; (50 mmol /L)) (see Note 18).

3. 1.3 pL aqueous dithiothreitol solution (50 mmol /L from dis-
solving 7.71 mg in 1 mL NH,HCO; solution (50 mmol /L))
are added and the mixture is incubated for 60 min at 60 °C
(see Note 18).

4. Then, 4 pL aqueous iodoacetamide solution (50 mmol/L
obtained by dissolving 9.248 mg in 1 mL water) are added.
The incubation is accomplished for 30 min at room tempera-
ture in darkness as iodoacetamide is photosensitive. A fresh
solution is always recommended.

5. Now, 20 pL of the trypsin solution are added (20 pg dissolved
in 2000 pL), which equals 200 ng trypsin per vial. The mixture
is then incubated for 8 h or overnight at 37 °C.

Care has to be taken not to contaminate fresh capillaries with coat-
ing from previous runs. When changing the coating type it is vital
to clean the electrodes and the prepuncher, where especially cat-
ionic coatings are deposited. We achieve this simply by removing
the inlet electrode and the prepuncher from the CE instrument.
The hollow electrodes from Agilent have to be penetrated with a
fused silica capillary to allow the ethanol to replace the air inside
the electrode. Then the electrode is rinsed with ethanol several
times using a pipette. The electrode is then completely immersed
in ethanol in a small beaker. It is necessary to fill ethanol into the
electrode for Agilent machines (and to rinse with a pipette) to
make sure that the inner cylinder is filled with solution and to
remove crude coating adherences. The prepuncher can simply be
immersed in ethanol. Then, ultrasonication for 15-20 min is
applied. The electrode is then rinsed four times with fresh ethanol
(inside and outside), the prepuncher is immersed once in fresh
ethanol and the solution is allowed to drain. After drying the elec-
trode is reinstalled. We recommend using gloves for this step to
avoid contaminating the electrode surface (see Note 19). Please
note that electrode cleaning is especially required when switching
to bare fused silica capillaries or when switching from cationic to
neutral coating.
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4 Notes

1. With a CE-MS system from Agilent, also 55 cm capillaries may

be used. Other instrument configurations may require longer
capillaries. For short capillaries, make sure to restrict the elec-
trophoretic current to 40 pA to avoid damages on the ESI
needle and reduce Joule heating effects. We prefer to work
with short capillaries, simply because the analysis time increases
with the square of the capillary length—I? and mostly no pro-
nounced gain in resolution is obtained for longer capillaries.
However, in order to ensure maximum analyte resolution and to
increase plate numbers, we used 80 cm capillaries successfully.

. To our experience, best cuts are obtained with a ceramic cut-

ter, at an angle of 35-45° to the capillary, cutting with its edge.
Alternatively, commercial cutters may be employed.

. For the control of the quality of the cut, we normally install the

capillary in the ESI sprayer and check the capillary end with the
lens we otherwise use to control the capillary positioning in
the ESI needle.

. Removing the polyimide serves two main purposes. (a)

Polyimide is known to swell over time in the presence of
organic solvents. This can potentially lead to an irregularly
shaped capillary outlet which reduces electrospray stability. To
a lesser extent, the same accounts for the capillary inlet. (b)
Even though polyimide is relatively stable, small amounts of
the polymer can be washed out over time, potentially leading
to interferences with MS detection. With regard to the swell-
ing phenomena described earlier we remove the polyimide
coating to reduce the risk of mass spectrometric interferences.

. We immerse the capillary outlet in a BGE vial during rinsing.

This acidic solution helps to prevent an MS contamination
later on (especially from sodium ions) and reduces the risk of
evaporation followed by crystallization and capillary blockage.

. The extra rinse with a 1:10 coating solution was observed to

be necessary due to the high viscosity of the more concen-
trated solution. After the overnight incubation process, fre-
quent blockage of the capillary was observed, which can easily
be prevented with a less concentrated solution.

. We observed large differences in the separation efficiency

when the incubation time for the coating was only 3 h com-
pared to an overnight coating procedure. We assume that
only the evolution of multiple binding sites for each polymer
strain leads to a high surface coverage and thus an optimal
shielding of the silica surface. This holds true especially for
the cationic coatings, where ionic repulsion will be present
between polymer chains.
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8.

10.

11.

12.

13.

The high-pressure step at 5 bar (you may have to use the exter-
nal pressurization options, depending on the vendor of the
instruments) is necessary as we otherwise frequently observed
capillary blockage, mainly in case of OHNOON with the high-
est viscosity.

. We clean the capillary tip, the ESI needle tip, and spray shield

quickly by rinsing with isopropanol or with sheath liquid to
avoid coating solution entering the MS and adsorb onto the
inner wall of the glass transfer capillary at the MS inlet. The
cleanliness may be observed monitoring the total ion current
in the MS at a glance until an acceptable noise level is reached
(typically within 3-10 min).

For our system, the total ion current measured at 2 Hz and at
400 pL/min sheath liquid flow rate reaches 1xE’, when
+30 kV are applied (5,000,000-7,500,000, for —30 kV) after
some time. Measurements are then possible without quench-
ing problems.

The first three measurements may show some migration time
shift, when freshly prepared capillaries are used or a recoating
step was made. Migration times asymptotically stabilize rela-
tively quickly in most cases. When a recoating step was applied
(compare see Note 13), shifting phenomena are sometimes
present for more than five measurements, especially when the
capillary was rinsed with coating solution for a relatively long
time (>10 min). Accordingly, we recommend short recoating
procedures (flush time 3-5 min), longer recoating steps are
only required in “severe” cases, e.g., when the capillary was
not used for more than a week. It should be noted that the
quality of the analytical run is not negatively affected even if
the shifting phenomena are observed for a longer time period,
so only surface effects are present.

In general, we restrict the current to below 40 pA for our sys-
tem. First to avoid excessive Joule heating and second to
reduce the risk to harm the ESI needle.

Especially for freshly coated capillaries, the separation perfor-
mance and migration time stability may decrease after 10-20
consecutive runs. Capillary recoating steps were extremely use-
ful to increase the long-term stability of the capillary coating.
Capillary recoating is simply accomplished via rinsing the capil-
lary for 3-10 min with coating solution, followed by a 300-
600 s rinse with BGE and 600 s capillary conditioning at
+30 kV. While recoating may be necessary with polybrene
coated capillaries more frequently, 2—-3 recoatings steps at the
first 2-3 days of use often were found to be “sufficient” to
provide very stable capillary coatings which then could be used
for 1 week without further recoating.
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14.

15.

16.

17.

18.

19.

20.

This EOF value is expected for our OHNOON coating. We
did not observe large differences upon OHNOON production
batches, but changes are possible. The reference method thus
has to be defined thoroughly in the beginning.

A higher percentage of 70% isopropanol may be helpful to
increase the ionization efficiency of some peptides in case of
cationic coatings. For the neutral LN coating, a higher organic
content of the sheath liquid frequently results in poor electro-
spray stability.

Surprisingly, the sheath liquid flow rate shows a relatively low
impact on signal intensity, e.g., when the flow rate is varied
between 4 and 6 pLL/min. Often, the electrospray flow rate can
be varied in order to ensure stable electrospray conditions.

In case of a higher noise level in the mass range of purine,
higher concentrations of this standard will be necessary. Slightly
higher ion counts (20,000-50,000) can be beneficial to assure
maximum mass accuracy.

Migration time stability: peak base widths below 6 s for the fast
migrating analytes and RSD values for the migration time
below 0.5% (typically 0.2-0.3%) characterize a “very” high
quality coating. However, stable measurements can also be
performed with slightly broader signals (minimum peak base
width 6-7 s) and slightly less stable migration times (RSD up
to 1%). Higher values indicate inaccurate separation condi-
tions, challenging sample composition /analyte properties or a
poor coating quality.

More DTT /iodoacetamide and/or a RapidGest solution of
higher concentration (factor of 4) may be necessary if the pro-
tein contains many disulfide bridges or is difficult to denature.

In rare cases, but mostly for cationic coatings, this cleaning
procedure was not sufficient. This can easily be seen from the
current profile, which diminishes quickly if a cationic surface is
created and the EOF is reversed. Sheath liquid is then sucked
into the capillary decreasing the conductivity through the cap-
illary. In this case, we recommend to take the electrode and
prepuncher out once more and to leave the electrode in etha-
nol for 3-5 h followed by ultrasonication for 30 min. The elec-
trode is then left for 20-30 min in aqueous ammonia
(¢=1 mol/L). Please make sure that the inner cylinder is filled.
Make sure that the electrode is not left in ammonia for a longer
time period and do not use more aggressive solvents in order
to protect the electrode from oxidation. For the same reason,
the electrode and prepuncher have to be washed with water
immediately after removal from the ammonia solution. Note:
It may be necessary to include the cleaning step with ammonia
in the routine method.
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Chapter 5

Micellar Electrokinetic Chromatography
of Aminoglycosides

Ulrike Holzgrabe, Stefanie Schmitt, and Frank Wienen

Abstract

The components of the aminoglycosides, ¢.g., gentamicin, sisomicin, netilmicin, kanamycin, amikacin, and
tobramycin, and related impurities of these antibiotics can be separated by means of micellar electrokinetic
chromatography (MEKC). Derivatization with o-phthaldialdehyde and thioglycolic acid is found to be
appropriate for these antibiotics. The background electrolyte was composed of sodium tetraborate
(100 mM), sodium deoxycholate (20 mM), and B-cyclodextrin (15 mM) having a pH value of 10.0. This
method is valid for evaluation of gentamicin, kanamycin, and tobramycin. It has to be adopted for amika-
cin, paromomycin, neomycin, and netilmicin.

Key words MEKC, Bile salts, Background electrolyte, Cyclodextrins, Aminoglycosides, Gentamicin,
Kanamycin, Tobramycin

1 Introduction

Micellar electrokinetic chromatography, denoted as MEKC and
often called micellar electrokinetic capillary chromatography
(MECC), was originally developed by Terabe [1] for separation of
neutral compounds which cannot be achieved by capillary zone
electrophoresis. Applying an ionic surfactant such as sodium
dodecylsulfate in a concentration higher than the critical micelle
concentration and a high pH value makes a separation possible
based on the differential partition of the analytes between the run-
ning buffer and the surfactant micelles.

The micelles form a pseudostationary phase moving with the
migration velocity and direction which is different to the back-
ground electrolyte. Hence, the MEKC can be regarded as a hybrid
of chromatography and capillary electrophoresis and terms such as
electrolyte solution and mobile phase, migration time and reten-
tion time, and elution and migration are equally used.

The separation of the analytes is possible between the migration
velocity of the electrolyte solution, which is at high pH values

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_5, © Springer Science+Business Media New York 2016
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anode

identical to the electroosmotic flow (EOF), and the effective migra-
tion velocity of the surfactant micelles. Thus, analytes only staying in
the electrolyte solution cannot be separated. They migrate with the
EOF at the time z,,. Analytes residing exclusively in the micelles are
also not separable and elute from the capillary at the migration time
of the micelles #,.. In the case the complexation constants between
the various analytes and the micelles are different a separation can be
achieved within a characteristic migration z,, in which #,,<#, <, (see
Fig. 1; modified after [2]). The migration order of neutral analytes
is mostly related to their hydrophobicity; due to the hydrophobicity
of the micelle core the more hydrophobic analytes migrate slower
than less hydrophobic analytes. For details of the physicochemical
background, see the excellent reviews by Pyell [3] and Terabe [4].

The selectivity of the separation depends sensitively on the differ-
ences of distribution constants between the electrolyte solution and
the micelles for neutral analytes to be resolved, and in the case of ion-
ized analytes on the differences of distribution constants between
both phase and the effectively electrophoretic mobility. Favorable
kinetic properties result in high efficiency and a reasonable peak capac-
ity, especially for systems with a narrow migration window. Therefore,
the choice of the surfactant system is of high importance for a satisfy-
ing separation. Separations can be further optimized by varying the
pseudostationary phase/mobile phase ratio and by adding different
concentrations of modifiers such as organic solvents, urea, complexing
agents, e.g., cyclodextrins, etc., to the system. The modifier often
reduces the distribution constant and widens the migration window.
The bufter concentration, the ionic strength, and the pH may also
enlarge the migration window for a better separation.
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Fig. 1 Schematic representation of the separation mechanism of micellar electrokinetic chromatography
(MEKC) using anionic micelles. £, =migration time of a neutral “unretained” analyte, £, ="“retention” time in
MEKC, t,.=migration time of a micelle
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The surfactants are the selectivity determining factor. They can be

Forming Agents categorized as anionic surfactants like sulfates, sulfonates or car-
boxylates, bile salts, cationic surfactants containing quaternary
ammonium head groups, and nonionic surfactant. Moreover, two
different surfactants, ionic and nonionic, can be applied forming
mixed micelles which may result in a different selectivity and an
improved resolution [4, 5]. Table 1 gives an overview over the
often used micelle-forming agents. The surfactants used in MEKC
should have a low critical micelle concentration, because high sur-
factant concentration would create an excessive current and high
solution viscosity. The surfactant concentrations appropriate for
MEKC are 10-200 mM. The surfactants must be available in a

Table 1

Surfactant employed in MEKG and their critical micelle concentration in distilled water at room

temperature

Surfactant CMC (mM)
Amnionic surfactants

Sodium dodecyl sulfate (SDS) 8.1
Sodium tetradecylsulfate (STS) 2.1
Sodium dodecyl sulfonate 7.2
Sodium hexadecyl sulfate 2.1
Sodium N-lauroyl- N-methyl-p-alaninate (ALE) 9.8 (40 °C)
Sodium N-lauroyl- N-methyltaurate (LMT) 8.7 (35 °QC)
Lithium perfluorooctanesulfonate (LIPFOS) 6.7

Bile salts

Sodium cholate (Chol) 13-15
Sodium deoxycholate (DChol) 4-6
Sodium taurocholate (TC) 10-15
Sodium taurodeoxycholate (TDChol) 6

Cationic surfactants

Tetradecyltrimethylammonium bromide (TTAB) 35
Cetyltrimethylammonium bromide (CTAB) 0.92
Zwitterionic surfactants

N-Dodecyl- N, N-dimethylammonio- 3-propanesulfonate 3.3
3-(3-Cholamidopropyl)dimethylammonio-3-propanesulfonate (CHAPS) 8
Non-ionic surfactant

Polyoxyethylene[23 ]dodecanol (Brij 35) 0.09
Polyoxyethylene[ 20 Jsorbitanmonolaurate 0.95
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1.2 Gentamicin

pure form, should have a good solubility, a low UV absorbance,
and should be stable over the pH range necessary for the electro-
osmotic flow, i.e., pH 6-9.

Due to the small detection cell volume the detection limits are
always low in comparison to HPLC. The sensitivity can be enhanced
by sample stacking which is based on differences in the electric
conductivity of bordering zones. As the ions move across the
boundary separating regions of different electric field strength they
will be focused in a narrower zone than injected initially. In addi-
tion, sweeping can be applied which is the “picking and accumula-
tion of analyte molecules by the pseudostationary phase that
penetrates the sample zone” [4, 6]. This also results in a focusing
of the sample and, thus, in an increase in sensitivity. Further tech-
niques improving the detection sensitivity were recently summa-
rized by El Deeb et al. [7].

MEKC has been shown to be highly suitable for the separation of
very complex mixtures of analytes with similar electrophoretic
mobility of the components which are often neutral but can also be
ionic. Thus, MEKC is appropriate to separate the components and
impurities of aminoglycosides, such as gentamicin. Whereas the
aminoglycosides kanamycin, neomycin, and paromomycin are
characterized by one main component accompanied by some
minor components of less than 5% content, gentamicin consists of
four major components, i.e., GM C1, Cla, C2, and C2a, and some
minor components such as GM C2b, 2-deoxystreptamine (DSA),
garamine (GA), sisomicin, and netilmicin, the latter two being
antibiotics on their own. Additionally, according to the ICH guide-
lines, impurities of a level higher than 0.1 % being the limit allowed
for a small-molecule drugs have to be evaluated (Scheme 1).

Due to the close structural relationship and the missing chro-
mophor of the aminoglycosides, the evaluation of the composition
and related substances is still a challenge for both HPLC [8-14]
and capillary zone electrophoresis (CZE) [15-18] applying precol-
umn or precapillary derivatization, evaporative light scattering
detection, pulsed electrochemical detection, and mass detection.

26 57
21 o3 R1R2
4 5 H,N
2 13 120 24 25 °NH
9I 3 oM O |

29R3
16

garosamine 2-desoxystreptamine

purpurosamine

Scheme 1 Gentamicin (R, R?, R®=H or CH,)
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Recently, a MEKC method was developed and validated [19-21]
which is capable of separating and quantifying both the compo-
nents of gentamicin and the impurities after a derivatization with
the o-phthaldialdehyde/thioglycolic acid system. The method is
characterized by high selectivity and efficiency.

2 Materials

2.1 Apparatus

2.2 Reagents
and Chemicals

2.3 Buffers

CE experiments were carried out on a HP3P-CE (Agilent
Technologies, Waldbronn, Germany) equipped with a DAD detec-
tor. The capillaries were purchased from Polymicro (BGB Analytik,
Schloflbockelheim, Germany). The fused-silica capillaries were of
50 pm internal diameter and effective length of 24.5 cm. The sam-
ples were loaded by pressure injection applying 50 mbar for 5 s on
the anode side and detection at 340 nm was performed at the cath-
ode side. Electrophoresis was carried out at 25 °C and a voltage of
12 kV (see Note 1).

1. Chemicals used were of analytical grade.

2. Gentamicin sulfate, netilmicin sulfate, and sisomicin (CRS)
were purchased from Promochem (Wesel, Germany),
2-deoxystreptamine dihydrochloride (DSA) and garamine
hydrochloride (GA) were gifts from Merck (Darmstadt,
Germany); gentamicin C2b sulfate (also as known as sagamicin
and micronomicin) was purchased from Pharm Chemical
(Shanghai Lansheng Corporation, China).

3. The GM components Cl, Cla, and C2/C2a were separated
from a commercial sample of GM by column chromatography
and analyzed by TLC, CE, and '"H NMR [22] (see Note 2).

4. o-Phthaldialdehyde (OPA) (for fluorescence, >99%), DChol
(MicroSelect >99 %), picric acid, sodium tetraborate decahy-
drate (TB, 99.5 %), and boric acid were purchased from Fluka/
Riedel de Haen (Seelze, Germany), TGA (Reag. Ph. Eur.,
>99.0%), methanol (HPLC grade) and isopropanol from
Merck (VWR-International, Darmstadt, Germany), and aceto-
nitrile (HPLC grade) from Carl Roth (Karlsruhe, Germany).
B-CD was a gift from the Consortium fiir Elektrochemische
Industrie (Miinchen, Germany).

1. All BGE solutions were prepared using ultrapure Milli-Q water
and filtered with a 0.22-pm polyvinylidenefluoride filter (both
Millipore, Milford, MA, USA).

2. In order to prepare the BGE, adequate amounts of TB, DChol,
and B-CD were weighed in a flask, 80 % of the water needed was
added and the components dissolved using an ultrasonic bath.
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2.4 Derivatization
Reagent

3. The required pH value was adjusted with NaOH solution
(1.0 M). After water was added, the pH value was checked and
adapted, if necessary.

1. The samples were dissolved in high purity water solution
(2.0 mg/ml) containing picric acid (IS, 7 mg,/ml).

2. o-Phthaldialdehyde (OPA) reagent: 650 mg of OPA were dis-
solved in 2.0 ml of methanol and approx. 15 ml of boric acid
solution (pH 10.4, 30 mM). After ultrasonification the solution
was adjusted to pH 10.4 using potassium hydroxide solution
(8 M). Thioglycolic acid (1.300 ml) was added and pH was
adjusted again to 10.4 with potassium hydroxide solution (8 M).

3. This solution was diluted to 25.0 ml with boric acid solution
(pH 10.4, 30 mM).

4. The solution can be stored at 4 °C for at least 48 h.

3 Methods

Previously, the European Pharmacopoeia (EP 5) [23] tried to limit
the impurities of gentamicin by a HPLC method utilizing a sty-
rene—divinylbenzene copolymer column and a pulsed amperomet-
ric detector (PAD). However, the method suffered from several
drawbacks, e.g., the pulsed amperometric detection is not very
robust, the run time of a chromatogram is longer than 70 min, and
the main components of gentamicin elute partially longer than
10 min. Currently, the EP 8 determines the components and limits
the impurities by means of a slightly modified method making use
of a simple RP18-HPLC but still utilizes the PAD. Whereas the
peak shape has improved, the run time is still 80 min and the gen-
tamicin components elute after 25 min [24, 25]. Thus, a capillary
zone electrophoretic (CZE) method is an alternative. The method
developed by Kaale et al. [17] was a good starting point for the
development of the MEKC method presented here.

Because the aminoglycosides are lacking of any chromophores
or fluorophores and most direct detection methods turned out to
be not very robust, a derivatization using o-phthaldialdehyde and
thioglycolic acid was chosen. Of note, Kaale et al. have also devel-
oped a corresponding in-capillary derivatization [26].

Having derivatized gentamicin the obtained molecules are
neutral and, thus, suitable to be separated by MEKC. Applying the
optimized CZE conditions (30 mM tetraborate buffer, 7.0 mM
B-CD, 12.5% methanol) several micelle-forming agents, i.e., SDS,
SChol, SDChol, STC, Brij35, CTAB, and TAB, were checked each
at a concentration of 25 mM (see Note 3). The sodium cholic acids
and especially the SDChol revealed the best separation. Variation
of the background electrolyte (BGE) concentration between 10
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and 125 mM tetraborate (TB) resulted in the best resolution of all
components at 100 mM. In previous experiments the kind and
concentration of the cyclodextrins (various neutral and negatively
charged CDs) was varied and the cheap p-CD found to be appro-
priate. Applying increasing concentrations of B-CD lowered the
run time and gave a very good peak shape. Thus, the highest pos-
sible B-CD concentration was chosen (15 mM). Finally the pH of
the BGE was adopted. In a range of 9.5-10.5, the pH of 10.0 gave
the best separation. Organic modifiers such as methanol, isopropa-
nol, or acetonitrile did not improve of the separation. For quanti-
fication purposes an internal standard has to be used. Picric acid
was already successfully applied in CZE [15, 17] and was also suit-
able for the MEKC method.

In order to assign the peaks of the electropherogram they have
to be spiked with reference substances. Even though the method
was found to be precise and robust with regard to the migration
time (see Fig. 2), additional impurities may change the electrophe-
rogram in a way that the assignment fails.

The method was applied to various lots of gentamicin collected
from the European and American market. As can be seen form the
comparison of Fig. 2, displaying a pure sample, and Fig. 3, showing
a sample with high number of impurities of high concentration, the
method is appropriate to evaluate the quality of gentamicin.

The method developed here is also appropriate for other ami-
noglycosides such as kanamycin and tobramycin and with slight
variation of the conditions for amikacin, paromomycin, neomycin,
and netilmicin [19].
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Fig. 3 Electropherogram of a sample of low purity showing sisomicin in addition to additional unknown impurities a—h

3.1 Derivatization

3.2 Running Buffer

3.3 Rinsing

Procedure

The derivatization with o-phthaldialdehyde and thioglycolic acid
described earlier was already optimized by Kaale et al. [15]. The
reaction can be performed either in methanol or isopropanol.

A volume of 0.45 ml of the sample solution was mixed with
0.25 ml of methanol and 0.16 ml of the OPA reagent (see Note 4).
This solution was vortexed and heated in a water bath at 60 °C for
exactly 4 min (se¢ Note 5) and diluted to 1.0 ml with methanol.
After cooling to room temperature the solution was poured in a vial
appropriate for CE. The measurement should start immediately.

Optimized separation conditions for CE are the following;:

1. The BGE was composed of a TB (100 mM, pH 10.0), DChol
(20 mM), and B-CD (15 mM) (see Notes 6 and 7).

2. The pH value has to be adapted to 10.0 (se¢ Note 8).

3. The samples were loaded by pressure injection applying
50 mbar (=0.0145 psi) for 5 s on the anode side and detection
at 340 nm (see Note 9) was performed at the cathode side.

4. The electrophoresis was carried out at 25 °C and a voltage
12 kV.

5. In order to prove the absence or presence of netilmicin, the
voltage has to be increased (see Note 1).

In order to avoid crystallization of the components of running buf-
fer, derivatization reagent and the derivatized samples and in order
to increase the reproducibility the capillary has to be rinsed care-
fully. Thus, between two runs, the capillary was rinsed with water
for 2 min (8 bar;=postconditioning) and with NaOH solution
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(0.1 M) and water for 1.5 min (5 bar), respectively, and with HCI
solution (1.0 M) and water for 2.0 min (5 bar), respectively, and
with the BGE for 3 min (8 bar;=pre-conditioning) (se¢ Note 10).

4 Notes
1. Variation of the voltage results in a change of the electrophero-
gram. For evaluation 12 kV was chosen. Applying 14 V the poten-
tial impurity netilmicin can be quantified, because a baseline
separation from the reagent peak can be achieved (see Fig. 4).
However, netilmicin is not expected to be found in gentamicin
drug substance and was not found in any of the samples studied.
2. Since gentamicin is composed of many components peak iden-
tification by reference substances is necessary.
3. As can be seen from Fig. 5 the choice of micelle-forming acids
determines fundamentally the separation.
4. The OPA reagents can be stored at 4 °C for 48-72 h to pre-
vent additional peaks in the electropherograms which are not
coming from gentamicin components [19].
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Fig. 4 (a) Electropherogram of a sample spiked with netilmicin; voltage 12 kV, (b) electropherogram of a
sample spiked with netilmicin; voltage 14 kV, (c) electropherogram of a sample spiked with increasing amounts
of netilmicin; voltage 14 kV, (d) electropherogram of netilmicin
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5. The reaction is completed after 4-5 min at 60 °C. The reaction
time and temperature has to be checked carefully.

6. Best separations were achieved when using 125 mM of
TB. However, the current is very high at the TB concentration
and often the buffer reagent precipitates during the course of
measurements. Therefore, a buffer concentration of 100 mM
was chosen, finally.

7. Higher p-CD concentration results in a shorter migration time
and a rather sharp peak shape which can be impressively seen in
Fig. 6. Since the solubility of f-CD in water is limited, the
concentration of f-CD was set to 15 mM.

8. Whereas at pH 9.5 the internal standard comigrates with some
components of gentamicin and the separation of all peaks is
poor, at pH 10.5 the migration time increased substantially
and the peaks became very broad (see Fig. 7=1.1-10), Thus,
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Fig. 7 Electropherogram obtained at different pH value under the same conditions: 100 mM TB, 25 mM TDChol,
voltage 15 kV, temperature 20 °C
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Fig. 8 Variation of the detection wave length between 330 and 350 nm

10.

pH 10.0 turned out to be a good compromise with regard to
migration time and peak sharpness.

. Itis important to find a suitable detection wave length. On the

one hand, the OPA reagent peak should be as small as possible
to avoid covering of the substance peaks by the reagent peak.
On the other hand, the substance peaks should be as large as
possible in order to increase the sensitivity. As can be seen in
Fig. 8 at 340 nm the reagent peak has relatively low intensity
and the sample peaks are of high intensity. In addition, all
electropherograms were registered at the reference wave length
of'450 nm in order to visualize artifacts of the separation which
may be caused by the instrument and are found in the entire
UV spectrum. The artifacts are filtered off automatically.

Other rinsing procedures using SDS/acetonitrile mixtures
which are often described in the literature [27] turned out to
be insufficient with respect to reproducibility.
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Chapter 6

Microemulsion Electrokinetic Chromatography

Wolfgang Buchberger

Abstract

Microemulsion electrokinetic chromatography (MEEKC) is a special mode of capillary electrophoresis
employing a microemulsion as carrier electrolyte. Analytes may partition between the aqueous phase of the
microemulsion and its oil droplets which act as a pseudostationary phase. The technique is well suited for the
separation of neutral species, in which case charged oil droplets (obtained by addition of an anionic or cat-
ionic surfactant) are present. A single set of separation parameters may be sufficient for separation of a wide
range of analytes belonging to quite different chemical classes. Fine-tuning of resolution and analysis time
may be achieved by addition of organic solvents, by changes in the nature of the surfactants (and cosurfac-
tants) used to stabilize the microemulsion, or by various additives that may undergo some additional interac-
tions with the analytes. Besides the separation of neutral analytes (which may be the most important
application area of MEEKC), it can also be employed for cationic and/or anionic species. In this chapter,
MEEKC conditions are summarized that have proven their reliability for routine analysis. Furthermore, the
mechanisms encountered in MEEKC allow an efficient on-capillary preconcentration of analytes, so that the
problem of poor concentration sensitivity of ultraviolet absorbance detection is circumvented.

Key words Microemulsion, Electrokinetic chromatography, Capillary electrophoresis,
Pseudostationary phase, Hydrophobic interaction

1 Introduction

Microemulsion electrokinetic chromatography (MEEKC) covers
variants of capillary electrophoresis (CE) employing a microemul-
sion as carrier electrolyte. Contrary to other CE techniques,
MEEKC allows the separation of neutral analytes. In addition, this
technique is also suited for separation of charged species, whereby
separation selectivities may be achieved which are significantly dif-
ferent from those obtained by commonly used CE techniques for
separation of ionic analytes. Microemulsions have been discovered
more than 70 years ago by Hoar and Schulman [1] and have been
introduced for CE separation techniques in 1991 by Watarai [2].
Since then the numbers of applications of MEEKC have increased
steadily, which has been documented in review papers that have
been published regularly within the last few years [3-8].

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_6, © Springer Science+Business Media New York 2016
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1.1 Fundamentals

Microemulsions are dispersions of two immiscible liquids and may
consist either of oil droplets suspended in water (oil-in-water [0/w]
microemulsions) or of water droplets suspended in an oil phase
(water-in-oil [w/0] microemulsions). MEEKC separations are
mostly carried out in oil-in-water microemulsions. Typically, they
consist of octane droplets dispersed in an aqueous buffer containing
surfactants to coat the octane droplets and lower the surface tension
between the two liquids. Furthermore, a short-chain alcohol like
n-butanol (called a cosurfactant) is added which also lowers the
surface tension. Under such conditions, a stable microemulsion is
generated with droplet sizes below 10 nm. It is optically transparent
and looks like a single-phase solvent although it is a two-phase sys-
tem. As mentioned earlier, o/w microemulsions are the most com-
mon form of microemulsions used in MEEKC. Therefore, the
following discussions will mostly focus on this type, and w,/o micro-
emulsions will be treated only shortly in part 1.4.

Sodium dodecyl sulfate (SDS) is commonly used as surfactant
for stabilization of the microemulsion droplets. At the interface
between the aqueous phase and the oil phase, the dodecyl chain is
oriented toward the inner of the oil droplet, whereas the negatively
charged sulfate group is oriented toward the aqueous phase. The
cosurfactant such as z-butanol will also attach to the surface of the
oil droplet with the butyl group toward the oil phase and the alco-
hol group toward the aqueous phase. As a result of the presence of
the anionic surfactant, the oil droplets will acquire a negative
charge and will exhibit an electrophoretic mobility in the direction
of the anode. The aqueous phase is generally buffered at an alka-
line pH. In fused-silica capillaries, alkaline buffers generate an elec-
troosmotic flow (EOF) toward the cathode. Provided that the pH
is high enough, the magnitude of the EOF exceeds the electropho-
retic mobility of the oil droplets (which is directed against the
EOF). Therefore, the EOF will sweep the oil droplets to the cath-
ode. The apparent mobility of the oil droplets is directed to the
cathode and has a magnitude that is lower than that of the EOF.

Highly hydrophilic neutral analytes injected at the anodic side
of the capillary will reside predominantly in the aqueous phase so
that they will be transported to a detector positioned at the cathodic
side of the separation capillary by the EOF according to the elec-
troosmotic mobility. The time at which they reach the detector
after injection may be called #op. Conversely, highly hydrophobic
analytes will reside predominantly in the oil droplets, will be trans-
ported to the cathodic detection side according to the apparent
mobility of the droplets, and will reach the detector after the time
tye- Analytes of medium polarity will undergo partitioning equilib-
ria between the aqueous phase and the oil phase, and will reach the
detector at a time z, which is between #zor and #yg. Obviously,
MEEKC separates neutral analytes according to their hydropho-
bicities. The technique offers a limited separation time window
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governed by #or and #yg. These two parameters may be deter-
mined by injection of methanol as EOF marker (#:0r) and octano-
phenone or dodecyl benzene as microemulsion marker (#yg).

The partitioning equilibria of analytes established between the
aqueous phase and the oil droplets indicate that chromatographic
principles are involved in the separation (justifying the word “chro-
matography” in MEEKC). Therefore, the oil droplets may be
called a pseudostationary phase. In analogy to chromatography,
one can define retention factors k for the analytes:

b= L, —tror

, {1 —t, j
EOF —
Uy

In case of a true stationary phase as encountered in liquid chroma-
tography, tyg would become infinite and #or would be the dead
time. The equation given earlier would turn into the well-known
definition of % being the ratio of net retention time to dead time.
A schematic presentation of the MEEKC separation process is
given in Fig. 1. Additional details can be found in recently pub-
lished review papers (see for example [9]). It should be pointed
out that the separation mechanisms encountered in MEEKC are
similar to those in micellar electrokinetic chromatography (MEKC),
which uses micelles (aggregates of surfactant molecules) as pseu-
dostationary phase. Advantages of MEEKC over MEKC may
include the fact that oil droplets exhibit a reduced rigidity com-
pared to micelles so that hydrophobic analytes can more easily pen-
etrate the surface and enter the core of the pseudostationary phase.
Furthermore, MEEKC may offer a somewhat larger separation
time window, because the total charge of the droplets (and thereby
tye) can be manipulated by employing mixed surfactants com-
posed of charged and neutral species in different compositions.

- mobility of droplets - apparent mobility of analytes

_wé:)/w- - - A -
anode 3 A cathode |
\‘Q‘.\\
< ~ S
_ _ - e ‘Wé e
apparent mobility of droplets mobility of EOF <

microemulsion droplet A neutral analyte
- - stabilized by SDS

Fig. 1 Principle of the separation process in microemulsion electrokinetic chromatography for a neutral analyte
in an alkaline microemulsion stabilized by an anionic surfactant like sodium dodecyl sulfate
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Instead of alkaline buffers, acidic buffers are used occasionally.
In such a case the EOF is very low and is no longer able to transport
an anionic pseudostationary phase (droplets stabilized by SDS) to
the cathodic detection side. Therefore, one has to switch the polar-
ity and the detection must be at the anodic side of the capillary.

Besides anionic surfactants like SDS, also cationic surfactants
like cetyltrimethylammonium bromide (CTAB) may be employed
for stabilization of the oil droplets. Such surfactants will not only
lead to positively charged droplets, but they also act as EOF modi-
fiers due to the generation of a positively charged inner surface of
the fused-silica capillary, resulting in a reversed direction of the
EOF. Therefore, the detector must be positioned at the anodic end
of the capillary when working with such cationic surfactants.

MEEKC separations of ionic analytes involve somewhat
more complex mechanisms, because the apparent mobility of the
analytes is governed by both their electrophoretic mobilities and
their interactions with the pseudostationary phase. Generally,
nonionic surfactants can be used leading to a neutral pseudosta-
tionary phase, but cationic or anionic pseudostationary phases
may be suited as well. In the latter case, one has to take into
account a possible repulsion of the charged analyte from the
charged pseudostationary phase if both are anionic (or if both
are cationic). In case of analytes with a charge opposite to the
pseudostationary phase, additional ion-pairing equilibria at the
surface of the droplets may have an impact on the separation. In
addition, ion pairing between the charged analyte and excess of
surfactant may occur in the aqueous phase, which may favor the
partitioning reaction into the oil droplet.

Last, but not least, one should keep in mind that depending
on the pH of the microemulsion the analytes may be in a neutral
form or in a protonated/deprotonated form. Therefore, differ-
ent types of microemulsions (neutral or charged) may be recom-
mendable, and different separation selectivities can be expected.
This is demonstrated in Fig. 2, which shows the separation of
closely related methyl derivatives of quinoline that are used as
raw materials for industrial production of agrochemicals and
pharmaceuticals [10]. Chromatogram A presents the separation
of methylquinolines at pH 9.4 (neutral analytes) using a nega-
tively charged oil phase, and B presents the separation of the
same set of analytes at pH 4.0 (protonated analytes) using a neu-
tral oil phase [10]. In case A, the separation selectivity is solely
governed by the partitioning between the aqueous phase and the
oil droplets, whereas in case B separation selectivity is signifi-
cantly different because it is affected by both partitioning and
electrophoretic behavior of the analytes. It is worth mentioning
that a buffer of pH 4 without oil droplets (corresponding to a
pure capillary zone electrophoretic mode) would not lead to any
satisfactory separation.
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Fig. 2 MEEKC separation of methylquinolines at pH 9.4 using a negatively
charged oil-in-water microemulsion consisting of SDS, n-butanol, n-octane, and
borate buffer (a), and at pH 4 using a neutral oil-in-water microemulsion consist-
ing of Brij35, n-butanol, n-heptane, and acetate buffer (b). Peaks: 1=quinoline,
2=isoquinoline, 3=2-methylquinoline, 4=4-methylquinoline, 5=3-methyl-
quinoline, 6 =6-methylquinoline, 7 =8-methylquinoline, 8 =4,8-dimethylquino-
line, 9=2,8-dimethylquinoline, 10=2,4,8-trimethylquinoline. UV detection at
214 nm. Adapted from ref. [10]

Variables to be optimized with respect to manipulation of migration
order and optimization of separation selectivity of neutral analytes
include the kind of oil phase, the kind of surfactant and cosurfac-
tant, the addition of water-miscible solvents, and the use of specific
additives such as cyclodextrins, carbon nanotubes, and others, that
introduce extra effects for the separation of certain analytes.

The concentration of the oil phase in the carrier electrolyte is typi-
cally around 1% or less. Frequently, #-alkanes like hexane, heptane,
or octane are employed as oil phase, with octane often being
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1.2.2 Surfactants

preferred. As an alternative, ethyl acetate has been selected because
of its lower surface tension which allows lower concentrations of
surfactant for stabilization. Other compounds occasionally
reported for preparation of microemulsions include cyclohexane,
toluene, 1-chloropentane, alcohols of medium chain length like
1-hexanol or 1l-octanol, and propylene glycol monomethylester
acetate. More recently, ionic liquids have been investigated as oil
phase, whereby 1-butyl-3-methylimidazolium hexafluorophos-
phate may be promising [11-13]. Even vegetable oils and artificial
oils made of alkane and alcohol may have some potential [14].
Different partitioning coefficients provided by the different oil
phases may lead to somewhat different separations, but major
changes in migration order are not likely. Unfortunately, it is often
still a matter of trial and error to find the best oil phase. In any case,
octane may be a good start.

For separation of enantiomers, a chiral oil phase may be used.
Chiral alkyl tartrates have been investigated for this purpose [15,
16]. Resolution between enantiomers was obtained if borate buf-
fers were employed, whereas phosphate or Tris buffers did not lead
to any enantioseparation. The authors attributed this phenomenon to
the formation of a complex between borate and the alkyltartrate.

Surfactants are a key component in the microemulsion. They have
a direct impact on stability of the oil droplets by lowering the sur-
face tension, and they aftfect size and charge of the droplets, magni-
tude, and direction of the EOF. Anionic or cationic surfactants as
well as mixtures of them with nonionic surfactants have been
employed for separation of neutral analytes. One should keep in
mind that the addition of ionic surfactants can lead to a significant
increase of electric conductivity of the carrier electrolyte, which may
limit the applied voltage in order to avoid excessive Joule heating.

The most common surfactant for MEEKC is sodium dodecyl
sulfate (SDS), which is typically used at concentrations around 3 %.
Alternative anionic surfactants include lithium dodecyl sulfate (which
leads to somewhat lower electric currents), bile salts like sodium cho-
late, or sulfosuccinates like sodium bis(2-ethylhexyl) sulfosuccinate.

Cationic surfactants reported for use in MEEKC are based on
quaternary ammonium salts like dodecyltrimethyl ammonium
chloride, tetradecyltrimethyl ammonium bromide, or cetyltri-
methyl ammonium chloride /bromide. As mentioned in the part
on fundamentals, the behavior of these salts as EOF modifiers must
be taken into account.

The use of mixtures of surfactants may provide various bene-
fits. The combination of SDS and Brij-35 (a nonionic surfactant)
allows the manipulation of the charge of the droplets and thereby
manipulation of the separation time window.

Chiral surfactants have been introduced for MEEKC separa-
tions of enantiomers, such as R- and S-dodecoxycarbonylvaline
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1.2.4 Water-Miscible
Solvents
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(DDCV) [17-19]. This approach can also be combined with the
use of a chiral oil phase (see previous part) which has been demon-
strated for the use of DDCV together with dibutyltartrate or dieth-
yltartrate [20, 21].

The variations of nature and concentration of the cosurfactant may
be exploited for fine-tuning of the separation (see for example
[22]). Short chain alcohols are frequently used as cosurfactants,
with 1-butanol at a concentration of around 6% being the most
common one. It has been suggested that such solvents do not only
act as cosurfactants, but that a significant portion of it can partition
into the oil droplet, especially as the amount of cosurfactant pres-
ent in the microemulsion exceeds that of the actual oil phase [23].
Thereby, the chromatographic properties of the pseudostationary
phase are modified and with it the k values of the analytes affected.
General rules for selection of appropriate cosurfactants are still dif-
ficult to establish.

Chiral separations may benefit from the use of chiral 2-alkanols
like R(-)-2-pentanol, R(-)-2-hexanol or R(-)-2-heptanol as cosurfac-
tants [24]. A synergistic effect has been observed when (S)-2-hexanol
was employed together with a chiral surfactant [25]. In addition, even
three-chiral-component microemulsions (R- or S-DDCV, S§-2-
hexanol, and R- or S-diethyltartate) have been investigated and com-
pared with one- and two-chiral-component microemulsions [26].

Interestingly, it has also been claimed that a stable microemul-
sion prepared by hexane and SDS in an ammonium acetate solution
can be generated without the use of any cosurfactant [27], but such
an approach has not made its way to a wider range of applications.

For certain applications, water-miscible organic solvents may be
added to the microemulsion [23]. In this way, the partitioning equi-
libria of the analytes between the aqueous phase and the oil phase
may be manipulated. This aspect is of major significance when ana-
lytes with very poor solubility in water are separated. Such analytes
would not partition at all into a purely aqueous phase and would
therefore reach the detector after the time ;. A typical example for
the benefits of water-miscible solvents is the analysis of highly hydro-
phobic polymer stabilizers [28]. Depending on the type of water-
miscible solvent, there are upper limits foritsuse in MEEKC. Exceeding
these limits will result in a disintegration of the microemulsion. It has
been reported that methanol may be used up to 8% (v/v), acetoni-
trile up to 12%, whereas 2-propanol may be used at considerably
higher concentrations [29]. One should not forget the well-known
side effect of organic solvents on the magnitude of the EOF which
depends on the dielectric constant of the liquid phase, on the viscos-
ity, and on the zeta potential of the capillary wall (all these parameters
are directly affected by amount and type of an organic solvent in the
aqueous phase of the microemulsion).
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1.2.5 Other Additives

1.3 Optimization
of the Separation
of lonic Analytes

1.4 Water-in-0il
Microemulsions

The addition of cyclodextrins to the carrier electrolyte is a
well-established approach for chiral separations in capillary zone
electrophoresis. The formation of transient diasteromeric complexes
with cyclodextrins can also be exploited in MEEKC as an interaction
in addition to the partition equilibrium between aqueous and oil
phase, whereby either neutral cyclodextrins or cyclodextrins modified
by charged groups (sulfated cyclodextrin) may be suited [30-32].

More recently, carbon nanotubes dispersed in the micro-
emulsion have been investigated in order to establish additional
interactions that might improve the separation selectivity in
MEEKC [33-35].

Some experiments have been done with water-soluble ionic
liquids as additives. In case of an anionic surfactant, the cation of
the ionic liquid may interact and may partly neutralize the nega-
tive charge, thereby changing the properties of the pseudosta-
tionary phase [36].

In the simplest case, ionic analytes are separated by using an oil
phase stabilized by nonionic surfactants. In this case, the principles
for optimization of the separation are similar to those mentioned
earlier for separation of neutral analytes in a charged microemul-
sion. Nonionic surfactants most often employed are Brij-35, Tween-
20, or Triton X-100. In addition, a less common nonionic surfactant,
Pluronic F-127 has seen suggested [37] (which is an amphiphilic
block copolymer consisting of ethylene oxide and propylene oxide),
although so far only in combination with SDS for separation of
neutral analytes. Most recently, zwitterionic surfactants like
N-dodecyl- N, N-dimethyl-3-ammonio-1-propanesulfonate
(DAPS) have been studied [38].

As mentioned in the Introduction, the use of charged micro-
emulsions may lead to additional attraction or repulsion of ionic
analytes to/from the droplets. This attraction /repulsion may be
manipulated by using a mixture of a cationic and an anionic sur-
factant (see for example [39]). Oppositely charged analytes/
droplets or analytes/excess surfactant in aqueous phase may also
undergo interactions by ion-pair formation. A systematic treat-
ment of such complex additional interactions is somewhat diffi-
cult so that generally valid strategies for optimization of
separation selectivity are still limited.

Although MEEKC is almost exclusively done in oil-in-water micro-
emulsions, a few attempts have been made to apply water-in-oil
microemulsions. Altria et al.[40, 41] introduced w/0 microemul-
sions typically composed of 10% SDS, 80 % butanol (or 78 % buta-
noland 2 % octane),and 10 % aqueous buffer (or slight modifications
of this composition). Similar compositions have been used later by
other groups [42—-45], but up to now the number of applications
of w/0 microemulsions in MEEKC is quite limited.
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Spectroscopic detection techniques generally suffer from poor
detection limits due to the short detection path length provided by
the inner diameter of the separation capillary. Preconcentration
effects occurring under proper injection conditions may help to
improve detection limits. CE separation techniques based on pseu-
dostationary phases may allow a preconcentration step called sweep-
ing. It is generally defined as the picking and accumulating of
analytes by a charged pseudostationary phase that penetrates the
sample zone during application of a voltage. Most work on sweep-
ing was done using micelles as pseudostationary phase (see, for
example, the review in [46]), and the same principles work for
microemulsions as well. Therefore, this chapter will not go into
details regarding the theory of sweeping. In the simplest case, effi-
cient preconcentration can be achieved with an microemulsion con-
sisting of an oil phase stabilized by a negatively charged surfactant
and an aqueous phase of low pH. The sample solution that does not
contain the pseudostationary phase is injected hydrodynamically at
the cathodic end of the capillary. After injection, the anionic pseu-
dostationary phase will migrate from the cathodic carrier electrolyte
vial into the capillary and through the sample zone (because of the
low pH, the EOF can be neglected). In the sample zone, neutral
analytes undergo partitioning and are focused into a narrow zone.
As a result of the focusing effect, quite high volumes of sample may
be injected without peak broadening (making possible a more than
1000-fold increase in sensitivity). Nevertheless, too long injection
zones (without pseudostationary phases) may lead to instabilities of
the system after applying voltage. Therefore, electrokinetic injec-
tion techniques have been used instead of hydrodynamic injection
(which allows the selective injection of anions or cations without
generating an excessively long zone of sample) followed by the
sweeping step. Details of quite sophisticated combinations of injec-
tion techniques and sweeping would go beyond the scope of this
chapter but can be found in recent review papers [3, 4, 7].

In common with other CE modes, the most widely used detection
technique for MEEKC is UV-visible absorbance detection.
Besides, fluorescence detection (with a xenon lamp or a laser as
light source) may be the alternative for analytes that show native
fluorescence or can be transformed into fluorescent derivatives
prior to injection. A typical example for the latter approach is the
separation of amino acids after derivatization with fluorescein iso-
thiocyanate (FITC) [47].

Mass spectrometric (MS) detection may be most attractive
as it provides the confirmation of peaks for target analytes or the
structure elucidation of unknown peaks. Capillary zone electro-
phoresis can be hyphenated with MS via an electrospray ioniza-
tion (ESI) source using a sheath-liquid interface which allows
the realization of a makeup flow of a few pL./min to make flow
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1.7 Applications

rates better compatible with commercial ESI sources and at the
same time allows the application of the high voltage of the CE
separation [48]. Unfortunately, the high concentrations of sur-
factants used in MEEKC make the technique hardly suited for
coupling with ESI which would suffer from severe ionization
suppression. Instead of ESI, atmospheric pressure photoioniza-
tion (APPI) was found to tolerate components of a microemul-
sion much better [49-51]. A microemulsion consisting of 0.8 %
octane, 2% SDS, 6.6% butanol, and 90.6 % of 20 mM ammo-
nium hydrogencarbonate buffer (pH 9.5) allowed the quantita-
tive analysis by APPI-MS of various pharmaceuticals down to
the sub-pg/ml range without dedicated sample preconcentra-
tion during injection [49].

More recentlyy, MEEKC has also been hyphenated with MS
detection by an inductively coupled plasma interface, thereby
allowing element-selective detection. This approach has been used
for the analysis of anticancer platinum complexes [52].

The following discussion cannot give an exhaustive compilation
of applications reported so far, but intends to give an idea of the
broad variety of classes than can be separated. In Table 1 the
focus is put on those applications that demonstrate a separation
of a larger number of analytes, whereas applications dealing with
just a single analyte are not included. The separations done by
MEEKC range from pharmaceutical drugs to vitamins, agro-
chemicals, polycyclic hydrocarbons, natural products, derivatized
sugars, derivatized amino acids, proteins, fatty acids, nucleosides,
and chiral compounds. Actually, it is possible to use a single set of
operating conditions for different applications. A microemulsion
consisting of 0.8 % (w/w) octane, 6.6% (w/w) 1-butanol, 3.3%
SDS, and 89.3% (w/w) 10 mM sodium tetraborate buffer may
be successtul for a large number of different analytes and is often
a quite successful starting point. In cases where this composition
does not lead to satisfactory results, fine-tuning is possible by
variation of the components of the microemulsion according to
the principles discussed earlier.

Besides its benefits for analytical chemistry, MEEKC has fre-
quently been employed as a simple tool for assessment of hydro-
phobicity (expressed as octanol-water partition coefficient P, )
[75-77]. The following linear relationship exists between P, , and
log % (% being the retention factor as mentioned earlier):

logP , =alogk+b

J/w

Slope and intercept of this line can be obtained from experiments
with solutes of known octanol-water partition coefficients.
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Table 1
Selected applications of microemulsion electrokinetic chromatography

Analytes Carrier electrolyte Ref.
Fat-soluble vitamins 0.8 % n-octane,/6.6% 1-butanol /6.0% SDS/20.0% [53,
2-propanol /66.6% 25 mM phosphate buffer pH 2.5 54]
Water- and fat-soluble 20 mM borate buffer pH 8.7 containing 1.2 % SDS, 21 % [55]
vitamins n-butanol, 18 % acetonitrile, 0.8 % hexane
Water- and fat-soluble 0.81% m-octane /6.61 % 1-butanol /3.31% SDS/89.27 % [56]
vitamins 10 mM sodium tetraborate
Derivatized amino acids 87.24% 30 mM phosphate buffer pH 6, [47]
2.16% SDS, 6% 1-butanol, 0.6 % cyclohexane, 4 % acetonitrile
Derivatized sugars 0.81 % #n-octanol/6.61 % 1-butanol/3.31% SDS/89.27% 5 mM [57]
borate buffer pH 8
Derivatized fatty acids 0.66 % n-heptane /6.55 % 1-butanol /4.87 % cholate /87.93 % [58]

10 mM borate buffer pH 10.2

5-Lipoxygenase metabolites 20 mM borate buffer pH 9 containing 3% SDS, 0.5% octane,  [59]
5% 1-butanol and 15 mM a-cyclodextrin

Green tea catechins 1.13% n-heptane/7.66 % cyclohexanol /2.89 % SDS/88.09 % [22]
50 mM sodium phosphate pH 2.5

Rhubarb anthraquinones 0.5 % di-»-butyl tartrate /1.2 % »n-butanol /0.6 % SDS,/97.7 % [60]

and bianthrones 10 mM borate buffer pH 9.2
Plant hormones 97.2% 10 mM borate buffer pH 9.2, 1.0% ethyl acetate, 0.6% [61]
SDS, 1.2% »-butanol
Food-grade antioxidants 0.6 g octane, 6.6 g 1-butanol, 3.3 g SDS, 69.3 g 25 mM [62]
phosphate buffer pH 3, 20 g 2-propanol
Preservatives in food 0.8 % m-octane /6.6% 1-butanol /3.3% SDS/89.3 % borate [63]
buffer pH 9.5
Food colorants 0.81% n-octane /6.61 % 1-butanol /3.31% SDS/10% [64]
acetonitrile /79.27 % 50 mM phosphate buffer pH 2.0
Lignin degradation products 0.91 % n-heptane/6.61 % #n-butanol/1.66 % SDS,/90.92 % [65]
20 mM sodium tetraborate
Sun protection agents 0.8% n-octane,/6.6% 1-butanol /2.25% SDS/ 0.75%/ [66]
Brij35,/17.5% 2-propanol/72.1% 10 mM borate buffer pH
9.2
Anticancer platinum 0.82 % heptane /6.48 % 1-butanol/1.44 % SDS,91.26% 20 mM [52]
complexes phosphate buffer pH 7.4
Nitrofuran antibiotics 10 mM borate buffer pH 9.7 containing 0.82 % octane, 3.48% [67]

SDS, 6.48 % n-butanol

Fluoroquinolone antibiotics 8 mM phosphate /borate buffer pH 7.3 containing 1% heptane, [68]
100 mM SDS, 10% n-butanol

(continued)
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Table 1
(continued)

Analytes

Carrier electrolyte Ref.

Nonsteroidal anti-
inflammatory drugs

Endocrine disrupting
compounds

Phthalate esters

Triazine herbicides

Aromatic carboxylic acids

Polycyclic aromatic
hydrocarbons

0.8 % ethyl acetate, 6.6 % #n-butanol, 6% acetonitrile, 1.0% SDS, [69]
85.6% 10 mM borate buffer pH 9,2

25 mM phosphate buffer pH 2, 80 mM octane, 900 mM [70]
butanol, 200 mM SDS, and 20 % propanol

60 mM borate buffer pH 9 containing 0.5 % #-octane, 100 mM [71]
sodium cholate, 5% 1-butanol

10 mM borate buffer pH 9.5 containing 2.5% SDS, 0.8 % ethyl [72]
acetate, 6% n-butanol

50 mM phosphate buffer pH 2 containing 3.7% SDS, 0.975%  [73]
octane, 5 % cyclohexanol

90% of 0.81 % n-octane,/6.61 % n-butanol/3.31% SDS,/89.27% [74]
10 mM sodium tetraborate; 10 % ethanol

2 Materials

1. Microemulsion for gemeval applications using a negatively

charged 0il phase: mix 3.3 g SDS and 6.6 g 1-butanol, and then
add 0.8 g n-octane and 89.3 g 10 mM borate buffer pH 9.4
(prepared from a 10 mM boric acid adjusted to pH 9.4 with
NaOH). The mixture is placed in an ultrasonic bath for 30 min
to obtain a clear solution. Afterward, the microemulsion is fil-
tered through a 0.45 pm membrane filter.

. Microemulsion for bighly hydvophobic analytes using a negatively

charged oil phase: mix 2.25 g SDS, 0.75 g Brij 35 (see Note 1),
and 6.6 g 1-butanol, and then add 0.8 g #-octane, 25 g
2-propanol, and 64.6 g 10 mM borate buffer pH 9.4 (pre-
pared from a 10 mM boric acid adjusted to pH 9.4 with
NaOH). The mixture is placed in an ultrasonic bath for 30 min
to obtain a clear solution. Afterward, the microemulsion is fil-
tered through a 0.45 pm membrane filter.

. Microemulsion for general applications using o neutral oil phase:

mix 3.32 g Brij 35 and 6.62 g 1-butanol, and then add 0.82 g
n-heptane and 89.2 g 25 mM acetate buffer pH 4.0 (prepared
from a 25 mM acetic acid adjusted to pH 4.0 with NaOH).
The mixture is placed in an ultrasonic bath for 30 min to obtain
a clear solution. Afterward, the microemulsion is filtered
through a 0.45 pm membrane filter (see Note 2).

. Microemulsion for om-capillavy preconcentvation by sweeping

using a negatively charged oil phase: mix 3.3 g SDS and 6.6 g
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1-butanol, and then add 0.8 g #-octane and 89.3 g 50 mM
phosphoric acid pH 2.0. The mixture is placed in an ultrasonic
bath for 30 min to obtain a clear solution. Afterward, the
microemulsion is filtered through a 0.45 pm membrane filter.

. CE instrument “7100 CE System” (Agilent, Waldbronn,

Germany), or equivalent, equipped with an ultraviolet (UV)
absorbance detector, high voltage supply up to +/-30 kV, and
autosampler for both hydrodynamic and electrokinetic injection.

. Fused-silica capillaries (Polymicro Technologies, Phoenic, AZ)

with inner diameter and outer diameter of 50 and 360 pm,
respectively, a length from inlet to detector of 51.5 cm, and a
length from inlet to outlet of 60 cm (se¢ Note 3).

. Sample vials for autosampler of CE instrument.

3 Methods

3.1 General
Procedure

for Conditioning New
Fused-Silica
Capillaries

3.2 Separation
of Neutral Analytes
Using a Negatively
Charged 0il Phase

. Four vials are filled with 1 M NaOH, water, 0.1 M NaOH, and

0.2 M HCI, respectively.

. The vials are placed into appropriate positions of the autosam-

pler for rinsing the capillary.

. The capillary is rinsed with 1 M NaOH for 10 min, with water

for 5 min, with 0.2 M HCI for 10 min, with water for 1 min,
with 0.1 M NaOH for 10 min, and with water for 10 min.

. Two vials are filled with 0.1 M NaOH and microemulsion, respec-

tively, for rinsing the capillary (the microemulsion is prepared
according to the procedure given in Subheading 2, item 1.).

. Two carrier electrolyte vials (for inlet and outlet side) are filled

with the microemulsion.

. Sample solutions and calibration solutions are filled into vials

(see Note 4).

4. All vials are put into appropriate positions of the autosampler.
. The capillary is rinsed with 0.1 M NaOH for 5 min and with

microemulsion for 5 min.

. The first sample or calibration solution is injected using hydro-

dynamic injection at a pressure of 50 mbar for 5 s (see Note 5),
and the separation is started by applying a voltage of +25 kV
(see Note 6).

. The capillary is rinsed with 0.1 M NaOH for 1 min and with

microemulsion for 1 min.

. Steps 6 and 7 are repeated for the next sample or calibration

solution.
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3.3 Separation of
Highly Hydrophobic
Analytes Using a
Negatively Charged 0il
Phase

3.4 Separation

of Positively Gharged
Analytes Using

a Neutral 0il Phase

3.5 Separation
of Neutral Analytes
with On-Capillary
Preconcentration
by Sweeping

1.

Two vials are filled with 0.1 M NaOH and microemulsion,
respectively, for rinsing the capillary (the microemulsion is

prepared according to the procedure given under
Subheading 2, item 2).

. Two carrier electrolyte vials (for inlet and outlet side) are filled

with the microemulsion.

. Fill vials with sample solutions and calibration solutions, pre-

pared in the microemulsion as solvent.

4. All vials are put into appropriate positions of the autosampler.

. The capillary is rinsed with 0.1 M NaOH for 5 min and with

microemulsion for 5 min.

. The first sample or calibration solution is injected using hydro-

dynamic injection at a pressure of 50 mbar for 3 s, and the
separation is started by applying a voltage of +30 kV.

. The capillary is rinsed with 0.1 M NaOH for 1 min and with

microemulsion for 1 min.

. Steps 6 and 7 are repeated for the next sample or calibration

solution.

. Two vials are filled with 0.1 M NaOH and microemulsion,

respectively, for rinsing the capillary (the microemulsion is
prepared according to the procedure given under
Subheading 2, item 3).

. Two carrier electrolyte vials (for inlet and outlet side) are filled

with the microemulsion.

. Vials are filled with sample solutions and calibration solutions.
. All vials are put into appropriate positions of the autosampler.
. The capillary is rinsed with 0.1 M NaOH for 5 min and with

microemulsion for 5 min.

. The first sample or calibration solution is injected using hydro-

dynamic injection at a pressure of 50 mbar for 5 s (see Note 5),
and the separation is started by applying a voltage of +25 kV
(see Notes 6 and 7).

. The capillary is rinsed with 0.1 M NaOH for 1 min and with

microemulsion for 1 min.

. Steps 6 and 7 are repeated for the next sample or calibration

solution.

. Two vials are filled with 0.1 M NaOH and microemulsion, respec-

tively, for rinsing the capillary (the microemulsion is prepared
according to the procedure given in Subheading 2, item 4).

. Two carrier electrolyte vials (for inlet and outlet side) are filled

with the microemulsion.
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. Vials are filled with sample solutions and spiked sample

solutions.

4. All vials are put into appropriate positions of the autosampler.
. The capillary is rinsed with 0.1 M NaOH for 5 min and with

microemulsion for 5 min.

. The first sample solution is injected using hydrodynamic injec-

tion at a pressure of 100 mbar for 150 s (see Note 8), and the
separation is started by applying a voltage of -20 kV (see Note 6).

. The capillary is rinsed with 0.1 M NaOH for 1 min and with

microemulsion for 1 min.

. Steps 6 and 7 are repeated for the next sample or spiked sam-

ple solution (se¢ Note 9).

4 Notes

. The partial substitution of SDS by Brij 35 results in lower

charge of the oil droplet and thereby in a lower velocity. This
leads to a decrease of the analysis time. For a specific separa-
tion, one can try to vary the ratio of SDS/Brij 35 to achieve
optimal analysis time.

. This microemulsion prepared in a buffer of pH 4.0 is suited for

the separation of analytes that undergo protonation or depro-
tonation reactions at this pH, so that positively or negatively
charged compounds are formed to some extent. The pH can
be changed if necessary.

. Shorter or longer capillaries can be used if necessary to opti-

mize resolution and analysis time.

. If the analytes are not easily soluble in water, the sample and

calibration solutions can be prepared in the microemulsion as
solvent. One should avoid pure organic solvents for the sam-
ples and the calibration solutions because these can disrupt the
microemulsion adjacent to the zone of injected sample, lead-
ing to distorted peak shapes. It is reccommended that an inter-
nal standard be added to both the sample and the calibration
solutions.

. Somewhat longer injection times can be used to achieve lower

detection limits. Peak distortion will occur at too long injec-
tion times.

. It may be advantageous to use somewhat lower or higher sepa-

ration voltages depending on the length of the capillary.

. The positive voltage applied is suited for cationic analytes. In

the case of anionic analytes, it may be necessary to use a nega-
tive voltage (depending on the electrophoretic mobility of the
analyte in relation to the electroosmotic mobility).
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8. Depending on the analytes, this injection time may need to be
decreased in order to avoid deterioration of peak shapes.

9. The incorporation of the online preconcentration effect makes
quantitation by standard addition instead of external stan-

dards preferable.
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Chapter 7

Nonaqueous Capillary Electrophoresis Mass Spectrometry

Christian W. Klampfl and Markus Himmelsbhach

Abstract

The term nonaqueous capillary electrophoresis (NACE) commonly refers to capillary electrophoresis with
purely nonaqueous background electrolytes (BGE). Main advantages of NACE are the possibility to ana-
lyze substances with very low solubility in aqueous media as well as separation selectivity that can be quite
different in organic solvents (compared to water)—a property that can be employed for manipulation of
separation selectivities. Mass spectrometry (MS) has become more and more popular as a detector in CE
a fact that applies also for NACE. In the present chapter, the development of NACE-MS since 2004 is
reviewed. Relevant parameters like composition of BGE and its influence on separation and detection in
NACE as well as sheath liquid for NACE-MS are discussed. Finally, an overview of the papers published
in the field of NACE-MS between 2004 and 2014 is given. Applications are grouped according to the field
(analysis of natural products, biomedical analysis, food analysis, analysis of industrial products, and funda-
mental investigations).

Key words Nonaqueous capillary electrophoresis, Mass spectrometric detection

1 Introduction

Only 3 years after the introduction of capillary electrophoresis (CE)
by Jorgenson and Lukacs [1], the first paper on CE employing a
nonaqueous electrolyte (tetraethyl ammonium perchlorate /hydro-
chloric acid in acetonitrile) was published [2]. From that time on
nonaqueous capillary electrophoresis (NACE) was distinguished
from aqueous CE by the use of background electrolytes (BGE) based
on purely organic solvents. This definition will also be followed in the
present review. Some of the most convincing reasons for favoring
NACE over CE with aqueous BGEs are [ 3, 4] as follows:

— Improved solubility of large number of analytes.

— Improved separation selectivity.

— Lower electric current allowing the use of higher separation
voltages.

— Higher plate numbers.

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_7, © Springer Science+Business Media New York 2016
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1.1 BGE Systems
for NACE

1.2 Solvents for
NACE and NACE-MS

Table 1

Due to these features NACE has faced increasing interest over
the last decade with more than 200 publications since 2004 (found
in SciFinder). This is also reflected in several review papers discussing
theoretical aspects [3—6] as well as listing applications of NACE [7-
10]. Thereby, similar as in aqueous CE in most cases spectrophoto-
metric detection is employed and only a fraction (less than one
quarter) of NACE applications describe the use of mass spectromet-
ric (MS) detection. There is only one review article so far, specifically
dedicated to NACE-MS which was published by Scriba in 2007
[11]. Nevertheless, most review articles focusing on CE-MS in gen-
eral also include sections dealing with NACE-MS [12-17].

BGEs for NACE commonly consist of an electrolyte (either a salt
and acid /base or mixtures thereof), additives, and a solvent or sol-
vent mixture. In the subsequent sections, these BGE constituents
will be discussed focusing on their role in NACE-MS with respect
to both, separation and detection.

One main asset of NACE is the possibility to select from a large
range of different solvents. Table 1 gives an overview of physico-
chemical properties of solvents frequently used in NACE in com-
parison with water. As can be seen from these data, relevant
physicochemical properties vary substantially between solvents and
it seems obvious that the choice of solvent can be a valuable tool for
manipulating separations. Separation of analytes in electrophoresis
is governed by differences in their electrophoretic mobility p.,, i.¢.,
their ability to migrate according to their ionic radius/charge ratio.

Properties of solvents at 25 °C [9]

Solvent® € n(mPas) enp(mPa's™) Ty (°C) y(NmM™) pKuo
Water 784 0.89 88.1 100.0 0.0718 14.0
Methanol 32.7 0.55 59.5 64.5 0.0223 16.9
Ethanol 24.6 1.08 22.8 78.2 0.0219 19.1
1-Propanol 205 1.94 10.6 97.1 0.0231 19.4
2-Propanol 199 2.04 9.8 82.2 0.0212 21.1
Acetonitrile 359 0.34 105.6 81.6 0.0283 32.2
Formamide 109.5 3.30 332 210.5 0.0582 16.8
N-Methylformamide 182.4 1.65 110.5 199.5 0.0395 10.7
N, N-Dimethylformamide 36.7 0.80 45.9 153.0 0.0364 23.1
Dimethylsulfoxide 46.5 199 234 189.0 0.0430 31.8

%, relative permittivity; #, viscosity coeflicient; Ty, boiling point; y, surface tension; p K., autoprotolysis constant
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These parameters (ionic radius and charge) are both influenced
substantially by the type of solvent employed. Different solvents
lead to changes in the size of the solvated ion thereby influencing its
ionic radius; dielectric constants & and acid base properties of the
solvent affect the degree of protonation/deprotonation and with it
the charge of the analyte. In addition to that, also the viscosity (1)
of the solvent determines migration velocities and subsequently the
speed of separation. Actually the ratio of ¢/ (given in Table 1) can
be seen as good parameter for comparing solvents or solvent mix-
tures with respect to ion mobilities, whereby lower ¢/7 values imply
slower migration of the ions [11]. An in-depth discussion of solvent
effects in NACE would be beyond the scope of this book chapter,
but more comprehensive information is available from several
review articles [3, 4, 18, 19].

Focusing on the situation in NACE-MS, when choosing an
appropriate solvent not only factors related to separation have to be
observed, but also the effect of the chosen solvent on the perfor-
mance of the MS detector. When using a triaxial sheath flow inter-
face (as done in the majority of NACE-MS applications published so
far) the effluent from the separation capillary is substantially diluted
by the sheath liquid (which will be discussed later), so the sprayed
solution should mainly consist of the sheath liquid and conditions
were thus supposed to be dominated by its composition. Nevertheless,
the solvent used for NACE still influences the efficiency of the elec-
trospray process and thereby important parameters like signal-to-
noise (S/N) ratio and limit of detection (LOD). This has been
discussed in more detail in two interesting papers, focusing on sol-
vent properties and their role in detection in NACE-MS [19, 20].
Studies employing an organic/aqueous (isopropanol:water=4:1)
sheath liquid and BGEs based on several solvents (methanol, aceto-
nitrile, dimethylsulfoxide, formamide, N-methylformamide, and
N, N-dimethylformamide) revealed substantial differences in the
LODs obtained. Only methanol and acetonitrile provided similar
results for the tested analytes (2-aminobenzimidazole, procaine,
propranolol, and quinine) as observed with aqueous electrolytes; for
the other solvents less favorable LODs were recorded. In the case of
2-aminobenzimidazole, the LOD with formamide and
N-methylformamide in the BGE was more than 300-fold higher
than the one obtained with methanol, acetonitrile, or the aqueous
BGE [19]. A consequence of these findings may be the fact that
when browsing the applications listed in Table 2 the majority of
NACE-MS applications is performed using BGEs containing meth-
anol, acetonitrile, or mixtures of these two solvents.

Focusing on electrolyte systems for NACE, the impact of the sol-
vent employed has to be considered first. One major prerequisite is
the solubility of the selected electrolyte system in nonaqueous sol-
vent systems. Some of the most popular buffer systems in aqueous
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Table 2
Applications of nonaqueous capillary electrophoresis—mass spectrometry (since 2004)

Method details Ref.

Plants and natural products

Crude root bark extracts from an BGE: 100 mM ammonium acetate in methanol /acetic acid [21]
African Ancistrocladus species 60,/40 v/v
Ton trap MS with ESI in positive ion mode
Sheath liquid: 2-propanol/water 1/1 v/v
Remark: comparison with HPLC

B-Carboline alkaloids extracted BGE: 40 mM (NH,),CO; in methanol /glacial acetic acid ~ [32]
from dried leaves 80/20 v/v
Ion trap MS with ESI in positive ion mode
Sheath liquid: 2-propanol /water 1/1 v/v
Remark: combined detection system laser-induced
fluorescence and MS; comparison with aqueous CE

Isoquinoline alkaloids in Fumaria BGE: 60 mM ammonium acetate and 2.2 M acetic acid in ~ [33]
officinalis acetonitrile/methanol 9/1 v /v
Ton Trap MS with ESI in positive ion mode
Sheath liquid: water/2-propanol 1/1 v/v

Nicotine-related alkaloids in BGE: 50 mM ammonium formate in acetonitrile/methanol [36]
chewing gums, beverages, and 50,/50 v/v, apparent pH 4.0
tobaccos Ton Trap MS with ESI in positive ion mode

Sheath liquid: isopropyl alcohol /water 80,20 v/v

Alkaloids in Central European BGE: 50 mM ammonium acetate and 1 M acetic acid in [34]
Corydalis species methanol /acetonitrile 1,/9 v /v
Quinolizidine alkaloids in the BGE: 50 mM ammonium acetate and 0.5 % acetic acid in [37]
roots of Sophora flavescens Ait.  methanol/acetonitrile 7/3 v /v
and S. tonkinensis Gagnep Quadrupole MS with ESI in positive ion mode
Sheath liquid: 0.5 % acetic acid in methanol /water
80/20 v/v

Remark: Field-amplified sample stacking with
electromigration injection

Pyrrolo- and pyrido[1,2-a] BGE: 50 mM ammonium acetate, 1 M acetic acid, and 10% [35]
azepine alkaloids in Stemona methanol in acetonitrile
Ion Trap MS with ESI in positive ion mode
Sheath liquid: water/2-propanol 1/1 v/v

Cinchona alkaloids in cinchona ~ BGE: 80 mM formic acid, 20 mM acetic acid, and 30 mM  [38]
bark ammonium formate in methanol /ethanol /acetonitrile
50:35:15 v/v/v
QTOF MS with ESI in positive ion mode
Sheath liquid: 0.1 % formic acid in 2-propanol /water

8/2v/v
Alkaloids from psychoactive plant BGE: 58 mM ammonium formate and 1 M acetic acid in [39]
extracts acetonitrile

QTOF and Ion Trap MS with ESI in positive ion mode

(continued)
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Table 2
(continued)
Method details Ref.
Alkaloids from a plant extract of BGE: 60 mM ammonium formate and in acetonitrile /acetic [20]
Mitragyna speciosa acid 1000/35 v/v
QTOF MS with ESI in positive ion mode
Sheath liquid: 5% acetic acid in 2-propanol /water
66/34 v/v
Remark: design of experiments to study the influence of the
background electrolyte on separation and detection in
NACE-MS
Mesembrine alkaloids in BGE: 75 mM ammonium acetate in acetonitrile /glacial [40]
Sceletium tortuosum acetic acid 9/1 v/v
Ton Trap MS with ESI in positive ion mode
Sheath liquid: 5% acetic acid in 2-propanol /water
66/34 v/v
Matrine and oxymatrine in BGE: 30 mM ammonium acetate and 1% acetic acid in [59]
Sophora flavescens methanol /acetonitrile 85/15 v/v
Ion Trap MS with ESI in positive ion mode
Sheath liquid: 2-propanol/water 2 /1 v/v
Alkaloids isolated from BGE: 40 mM ammonium acetate and 0.5 % acetic acid in [60]
Amaryllidaceae plants methanol /acetonitrile 2 /1 v /v
Ton Trap MS with ESI in positive ion mode
Sheath liquid: water/2-propanol 1/1 v/v
Biomedical analysis
Lidocaine and its metabolites in ~ BGE: 70 mM ammonium formate and 2 M formic acid in ~ [41]
human plasma acetonitrile /methanol 6,/4 v/v
Quadrupole MS with ESI in positive ion mode
Sheath liquid: 2 % formic acid in water/2-propanol 1/1 v/v
Peptaibol alamethicin F30 BGE: 12.5 mM ammonium formate in methanol [42]
isolated from the culture broth Ion trap and TOF MS with ESI in positive ion mode
of Trichoderma viride Sheath liquid: 1% formic acid in 2-propanol /water 1/1 v/v
Remark: comparison with aqueous CE
Determination of salbutamol BGE: 0.75 M formic acid, 10 mM ammonium formate, and [28]
enantiomers in urine 15 mM Heptakis(2,3-di-O-acetyl-6-O-sulfo)-p-
cyclodextrin in methanol
Ion Trap MS with ESI in positive ion mode
Sheath liquid: 0.1 % formic acid in 2-acetonitrile /water
3/1v/v
Amino acid sequences of BGE: 12.5 mM ammonium formate in methanol [43]
alamethicins F30 Ton trap and TOF MS with ESI in positive ion mode
Sheath liquid: 1% formic acid in 2-propanol /water 1/1 v/v
Phospholipids extracted from rat BGE: 20 mM ammonium acetate and 0.5 % acetic acid in [44]

peritoneal surface

acetonitrile /methanol 60,/40 v /v

Ton Trap MS with ESI in negative ion mode

Sheath liquid: 50 mM ammonium acetate in acetonitrile /
methanol 60,/40 v/v

(continued)
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Table 2
(continued)
Method details Ref.
Three anesthetic drugs in human BGE: 2 M formic acid and 70 mM ammonium acetate in [45]
plasma acetonitrile /methanol 60,/40 v/v
Quadrupole MS with ESI in positive ion mode
Sheath liquid: 2 % formic acid in methanol /water 8 /2 v/v
Remark: microextraction by packed sorbent in combination
with CE
20 Antidepressants in plasma BGE: 60 mM ammonium acetate and 1 M acetic acid in [47]
samples acetonitrile /water /methanol 100/1,/0.5 v/v/v
TOF MS with ESI in positive ion mode
Sheath liquid: methanol /water 9/1 v/v
Amphetamine and related BGE: 25 mM ammonium formate and 1 M formic acid in ~ [48]
compounds in equine plasma acetonitrile /methanol 2 /8 v /v
Ton Trap MS with ESI in positive ion mode
sheath liquid: 0.5 % formic acid in water,/2-propanol
1/1v/v
Identification of fentanyl BGE: 200 mM ammonium acetate in glacial acetic acid/ [49]
derivatives acetonitrile 1,/9 v /v

Ion Trap MS with ESI in positive ion mode
Sheath liquid: 2-propanol /water 1/1 v/v

Five fluoroquinolones in Urine BGE: 20 mM ammonium acetate in acetonitrile/methanol [46]
50,50 v/v adjusted to pH 4 with formic acid
Quadrupole MS with ESI in positive ion mode
Sheath liquid: 2 % formic acid in acetonitrile /methanol
50/50 v/v
Remark: microextraction by packed sorbent in combination
with CE

Pregabalin in human urine BGE: 10 mM ammonium formate and 0.05 % acetic acid in  [61]
methanol
QTOF MS with ESI in positive ion mode
Sheath liquid: 10 mM ammonium formate and 0.05 % acetic
acid in methanol

Nonsteroidal anti-inflammatory ~ BGE: 5 mM ammonium acetate in acetonitrile /methanol [30]
drugs (NSAIDs) and 80/20 v/v
glucuronides in urine samples  Quadrupole MS with ESI in negative ion mode
Sheath liquid: 2-Propanol /water/NH,OH
49.5/49.5/1v/v/v
Remark: comparison of a sheath liquid and sheathless
interface

Food

Phenolic compounds from olive ~ BGE: 25 mM ammonium acetate in methanol/acetonitrile  [31]
oil 1/1 v/v, apparent pH adjusted to 5.0 with acetic acid
TOF MS with ESI in negative ion mode
Sheath liquid: 5 mM sodium hydroxide and 0.2 % formic
acid in water/2-propanol 1/1 v/v

(continued)



Nonaqueous Capillary Electrophoresis Mass Spectrometry 117
Table 2
(continued)
Method details Ref.
Analyses of clenbuterol, BGE: 18 mM ammonium acetate in methanol /acetonitrile/ [51]
salbutamol, and terbutaline in glacial acetic acid 66,/33/1 v/v/v
pork TOF MS with ESI in positive ion mode
Sheath liquid: 5 mM ammonium acetate in methanol /water
80/20 v/v
Glycerophospholipids in olive BGE: 100 mM ammonium acetate and 0.5 % acetic acid in ~ [50]
fruit and oil methanol /acetonitrile 60,/40 (v/v)
Ion Trap MS with ESI in positive ion mode
Sheath liquid: 0.5 % acetic acid in methanol /water 8 /2 v/v
Envivonmental and industrinl
Detection of hexamethonium— BGE: 2-propanol/acetone 2 /1 v/v [52]
perchlorate association Ton trap MS with ESI in positive ion mode
complexes Sheath liquid: methanol
Separation and characterization of BGE: 1 M acetic acid, 20 mM ammonium acetate in [53]
ionizable organic polymers methanol /acetonitrile 87.5/12.5 v/v
nonsoluble in water Ton Trap MS with ESI in positive ion mode
Sheath liquid: methanol/acetonitrile 87.5/12.5 v/v
Degradation products of the BGE: 50 mM ammonium acetate and 1.2 M acetic acid in ~ [54]
herbicide oxasulfuron acetonitrile/methanol 9/1 v /v
Ton Trap MS with ESI in positive ion mode
Sheath liquid: 1% acetic acid in water/methanol 1/1 v/v
Characterization of BGE: 20 mM NH4I in methanol [27]
nonderivatized Brij 58 Ton Trap MS with ESI in positive ion mode
oligomers Sheath liquid: 25 mM ammonium acetate in methanol/
water 95 /5 v/v
Remark: EOF reversal with hexadimethrine bromide
Six pharmaceutical compounds ~ BGE: 10 mM ammonium acetate and 100 mM acetic acid ~ [55]
and their respective process- in methanol /acetonitrile with varying ratios
related impurities Ion trap MS with ESI
Sheath liquid: 0.1 % formic acid in methanol /water
50/50 v/v
Separation of basic drugs, BGE: 10 mM HP-B-CD or 10 mM HDMS-B-CD in [56]

including their enantiomers

methanol containing 10 mM ammonium and 0.75 M
formic acid

Ton trap MS with ESI in positive ion mode

Sheath liquid: 0.1 % formic acid in acetonitrile /water
75/25v/v

Remark: Nonaqueous electrokinetic chromatography using
anionic cyclodextrins;

(continued)
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Table 2
(continued)

Method details Ref.

Separation of 10 acidic drugs, BGE: 20 mM PA-B-CD in methanol containing 20 mM [26]
including their enantiomers ammonium acetate or 5 mM IPA-B-CD in methanol

containing 40 mM ammonium acetate

Ion trap MS with ESI in negative ion mode

Sheath liquid: 5 mM ammonium acetate in acetonitrile /
water 75/25 v /v

Remark: Nonaqueous electrokinetic chromatography using
cationic cyclodextrins; polyacrylamide and polyvinylamide
coated capillaries were used

Organotin compounds in water ~ BGE: 50 mM ammonium acetate and 1 M acetic acid in [57]

samples

Fundamental investigations

acetonitrile /methanol 80,/20 v/v

QTOF MS with ESI in positive ion mode

Sheath liquid: 0.2 % formic acid in 2-propanol /water
1/1v/v

Remark: speciation of organotin compounds

2-Aminobenzimidazole, procaine, BGE: 10 mM ammonium acetate in 7 different solvents [19]
propranolol, and quinine Ion Trap MS with ESI in positive ion mode

2,4-Dinitrophenol,
pentachlorophenol,

Sheath liquid: 0.1 % formic acid in 2-propanol /water
4/1v/v

Remark: assessment of the influence of the solvent on
selectivity, separation speed, and peak efficiency for a
given set of model compounds

BGE: 25 mM ammonium formate in methanol, apparent [58]
pH adjusted to 8.0 with 25 mM NH,OH

3,4-dichlorocinnamic acid, Triple quadrupole MS with ESI in negative ion mode
2-methyl-4,6-dinitrophenol, Sheath liquid: 2 mM ammonium acetate in 2-propanol/
2,3,4,5-tetrachlorophenol water 80,/20 v/v

Separation of carvedilol
enantiomers

Remark: Large volume stacking using an EOF pump

BGE: 0.75 M formic acid, 10 mM ammonium acetate and  [29]
10 mM sulfated p-CD in methanol

Ton Trap MS with ESI in positive ion mode

Sheath liquid: 0.1 % formic acid in 2-propanol /water
3/1v/v

Remark: addition of different single-isomer sulfated p-CD
derivatives

CE such as phosphate and borate are hardly soluble in nonaqueous
media. Second, the critical parameter giving an idea about the dis-
sociation of an electrolyte is the relative permittivity ¢ of the sol-
vent. As can be seen from Table 1, for most solvents employed in
NACE, ¢ is lower than in the case of water. As a consequence of
this fact, comparing a given concentration of an electrolyte sub-
stance in water and in a nonaqueous solvent (such as methanol or
acetonitrile) its conductivity will be lower in the nonaqueous
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medium. For this reason, relatively high concentration of electro-
lyte substances can be employed in NACE without reaching the
limiting electrical current. This can clearly be seen from the appli-
cations listed in Table 2, where electrolyte systems containing
100 mM ammonium acetate and 40 % of acetic acid could be used
without any problems with excessive current [21].

Comparing NACE with spectrophotometric detection and
NACE-MS, it can be observed that using MS as detector has a
clear impact on the selection of components that can be included
in the BGE, whereby no significant difference exists between aque-
ous and nonaqueous electrolyte systems. The MS detector is far
more prone to interferences caused by physicochemical properties
of electrolyte ingredients than a photometric one. Unfortunately,
the need to ensure compatibility with MS reduces the number of
selectable electrolyte ingredients substantially. Focusing on MS
with the most commonly used ionization technique, namely, elec-
trospray ionization (ESI) [22] the use of volatile BGE components
is mandatory. This prerequisite excludes a series of substances
which are of very popular in CE, such as bufters based on phosphate
or borate (although these two are not employed in NACE due to
solubility issues in the commonly employed organic solvents), cap-
illary coatings based on alkylammonium salts or sulfonate /sulfate
additives. BGEs mostly used in CE-MS are based on formic acid,
acetic acid (and their ammonium salts), carbonate, and solutions of
ammonia or alkylamines if strongly alkaline conditions are needed.
Here the situation in NACE-MS is quite similar. Nevertheless,
there are some reports on the use of other BGE systems containing
nonvolatile ingredients and their impact on ionization in ESI-MS
exist [23]. In-depth information about requirements for
MS-compatible CE electrolytes, in general, can be found in a com-
prehensive review article published by Pantuckova et al. [24].

A crucial parameter in optimizing the BGE for CE in general is the
selection of the appropriate pH value, as this factor influences the
direction and magnitude of the electro endoosmotic flow as well as
the degree of protonation/deprotonation of the analytes and with
it the direction and magnitude of their electrophoretic mobilities.
Whereas measuring and adjusting the pH is a more or less simple
task in aqueous systems, the concept of pH measurement and
adjustment cannot be transferred easily to nonaqueous conditions.
Several approaches to overcome this problem have been suggested
so far [11]. One option is to measure pH in nonaqueous solvents
employing the same procedure as in aqueous media. This leads to
the so-called apparent pH a value that is quite often used to
describe nonaqueous buffer systems. Nevertheless, it has to be
taken into account, that this “apparent pH” only allows compari-
son between BGEs based on the same solvent. An alternative is pH
calculation using the Henderson-Hasselbalch equation. This
approach can only be used if the pK values of the employed acid or
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1.5 Capillary
Coatings and Additives

1.6 Sheath Liquids
for Nonaqueous
Gapillary
Electrophoresis—Mass
Spectrometry

base in the respective solvent are available. A comprehensive dis-
cussion on the issue of pH measurement and adjustment in non-
aqueous solvents has been published by Porras and Kenndler [6].

Capillary coatings are quite popular in CE. They are used, for
example, to reduce analyte /capillary wall interactions or to suppress
or even reverse the electro endoosmotic flow, just to name a few
reasons for their application [25]. Dynamic coating (i.c., the coat-
ing substance is added to the BGE) and static coating (the coating
is attached to the capillary wall either by covalent bonds or by
strong electrostatic interaction) can be distinguished. When mov-
ing from aqueous conditions to NACE it has to be ensured that the
coating is still stable even when purely organic BGEs are employed.
Furthermore, most substances used for dynamic coating are not
compatible with MS. So ecither capillaries with covalently bonded
coatings are employed in NACE-MS [26] or substances like hexad-
imethrine bromide that show strong interactions with the capillary
wall even under completely nonaqueous conditions [27].

The group of additives for CE comprises a wide range of quite
different substances. These can be micelle-forming agents, ion-
pairing reagents, chiral selectors, and so on just to name a few. Also
in the case of additives analyte/additive interactions have to be
reevaluated when moving from aqueous to nonaqueous media.
Similar as in the case of substances employed for capillary coating,
most of the additives commonly employed in CE are not compati-
ble with MS detection. A strategy to combine NACE with nonvola-
tile additives such as cyclodextrins with MS detection is to select
conditions where these additives migrate toward the capillary inlet
[26,28,29]. So no disadvantageous suppression effects are encoun-
tered as the cyclodextrins are not reaching the MS ion source.

From the NACE-MS papers listed in Table 2, only in one case a
sheathless interface is employed for CE-MS coupling [30]. In this
study, a recently developed sheathless interface was compared to a
conventional triaxial sheath flow interface with respect to its perfor-
mance in NACE-MS of acidic compounds. In all other studies, the
addition of an appropriate sheath liquid is required for guaranteeing a
stable electrospray. The sheath liquid serves as a makeup flow (to reach
the minimum flow rates needed for the ESI source), it is needed to
close the electric circuit of the CE system (as no second electrolyte vial
is present in CE-MS coupling), and its composition should enhance
ionization efficiency and probably overcome less favorable characteris-
tics of the BGE (with respect to ionization). When comparing sheath
liquid compositions used in aqueous CE-MS and those for NACE-
MS not real difference can be detected. In most cases a mixture of
water and an alcohol (mainly methanol or 2-propanol) or acetonitrile
together with small amounts of a volatile salt (often ammonium ace-
tate or formate) and/or a MS compatible acid or base (formic acid,
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1.7 Optimization
of NACE-MS
Parameters

acetic acid, or ammonia, respectively) are the best choice. An example
demonstrating a further functionality of the sheath liquid was pre-
sented by Gomez-Caravaca et al. [31]. By adding 2.5 mM of NaOH
to sheath liquid, sodium formate clusters were formed that could be
directly used for mass calibration of the TOF instrument.

When searching for the best operational parameters for NACE-MS
experiments, mutual interference between several experimental
parameters like BGE composition, composition of the sheath lig-
uid, sheath liquid flow rate, or nebulizer pressure has to be taken
into account. Posch et al. have published an in-depth study discuss-
ing the possibility to use a design of experiments approach to study
the influence of the background electrolyte on separation and
detection in NACE-MS [20]. A scheme depicting potential inter-
actions and influences is shown in Fig. 1. In this work it was proven
that at high electro endoosmotic flow conditions, separation can be
optimized without inferences from the MS detection system.

2 Applications

Table 2 gives an overview of NACE-MS applications published
since 2004. Applications are grouped according to the field of appli-
cation and listed in chronological order. In this table, relevant
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2.1 NACE-MS
of Plants and Natural
Products

2.2 NACE-MS
for Bioanalytical
Applications

information concerning the type of analytes investigated and /or the
field of application, BGE and sheath liquid composition, and the
type of MS instrument/ionization source used is provided.
Additionally, remarks on characteristic features of the work are given.

The analysis of plants and natural products is one of the main fields of
application of NACE-MS. Unger et al. compared HPLC with CE and
NACE for the analysis of crude extracts from Ancistrocladus species
[21]. Although the highest number of resolved components was
achieved by HPLC, NACE allowed the separation of cis/trans isomers
(that could not be resolved using HPLC) whereas conventional CE
with an aqueous electrolyte led to comigration of all analytes. Huhn
et al. designed a CE system allowing simultaneous laser-induced fluo-
rescence and MS detection [32]. Employing this setup, p-carbolines
from an Ayahuasca sample were analyzed, whereby distinctly different
migration orders were achieved in NACE compared to CE with an
aqueous BGE. The group of Stuppner used NACE-MS with a BGE
based on mixed solvents (acetonitrile/methanol=9 /1) for the investi-
gation of several plant extracts [33-35]. A NACE-MS method for the
analysis of alkaloids in tobacco and chewing gums was developed by
Chiu et al. [36]. In their paper they investigated a series of nonaqueous
BGE: differing in apparent pH, methanol /acetonitrile ratio, as well as
type and concentration of electrolyte employed. The combination of
NACE-MS and field amplified sample stacking for the high-sensitivity
analysis of quinolizidine alkaloids was presented by Wang et al. [37].
Buchberger et al. achieved the separation of cinchona alkaloids extracted
from cinchona bark [38]. Employing a rather complex nonaqueous
BGE based on formic acid, acetic acid, and ammonium formate in a
mixture of methanol /ethanol and acetonitrile, a series of diastercomeric
compounds could be separated. The group of Huhn published a series
of papers on the use of NACE-MS for the analysis of forensically inter-
esting alkaloids from several plant species [20, 39, 40]. In one of these
papers (as discussed earlier) the use of a “design of experiment” for
optimization of NACE-MS parameters is discussed [20].

A second major field of application of NACE-MS is biomedical
analysis. Anderson et al. described a NACE-MS method for the
determination of lidocaine and its metabolites in human plasma
[41]. Alamethicin peptides from Trichoderma viride were analyzed
by Psurek et al. employing NACE-MS [42, 43]. Comparing the
results obtained with aqueous and nonaqueous conditions revealed
improved separation efficiency for the nonaqueous BGE as well as
substantial selectivity changes. The latter might be attributed to
changes in the shape of the peptide when switching from aqueous
to nonaqueous conditions. Cyclodextrin-mediated NACE-MS was
employed for the determination of salbutamol enantiomers in urine
by Servais et al. [28]. The developed method allowed the baseline
separation of the two enantiomers in less than 12 min. Due to their
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low solubility in aqueous media, phospholipids are not easily acces-
sible to CE-MS analysis. Gao et al. investigated the potential of
different nonaqueous BGE systems for the NACE-MS analysis of
these compounds [44]. Morales-Cid et al. developed sophisticated
automated instrumentation, including sample pretreatment steps
such as packed sorbent microextraction and microdialysis for the
analysis of drugs in body fluids by NACE-MS [45, 46]. Although
both, aqueous and nonaqueous electrolytes were studied, the
NACE approach was selected due to the increased sensitivity
obtained. Employing the right mixture of methanol and acetoni-
trile allowed to adjust selectivity and to reduce analysis times. A
series of antidepressants were separated by NACE and subsequently
detected using MS by Sasajima et al. [47]. As can be seen from
Fig. 2, great improvement in separation was achieved when moving
from an aqueous BGE to a nonaqueous one. Interestingly, the BGE
finally selected for this analytical problem can no longer be seen as
a purely nonaqueous one, as it contains 1 % of water. Amphetamines
in race-horse plasma were analyzed by Li et al. [48]. Fentanyl deriv-
atives were separated using NACE by Rittgen et al. [49]. The analy-
sis of these compounds gains more and more interest as clandestine
fentanyl laboratories produce these substances for the illegal drug
market. An interesting study comparing not only CE with aqueous
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Fig. 2 Separation of 20 antidepressants—comparison between NACE and aqueous CE. BGE, (a) 50 mM ammo-
nium acetate and 1 M acetic acid in acetonitrile, (b) 1 M formic acid in water; all other parameters are identical.
Reproduced from [47] with permission
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and nonaqueous conditions, but also two different types of ESI
interfaces for CE-MS coupling was published by Bonvin et al. [30].
As can be seen from Fig. 3, switching from an aqueous BGE to
NACE substantially improved the resolution of the investigated test
substances. In addition, sensitivity obtained with NACE-MS was
5-10 times better than in CE-MS, although also a substantially
higher noise level was observed with the nonaqueous BGE.
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Fig. 3 CE-MS electropherograms of acidic compounds in negative ESI obtained for selected nonsteroidal anti-
inflammatory drugs (dissolved at 1 pg/mL in ACN-MeOH 60:40 (v/v)) with the sheath liquid interface in (A)
aqueous CZE mode; BGE: ammonium acetate 50 mM, pH 8.5 and (B) NACE mode; BGE: ammonium acetate
5 mM in ACN-MeQOH 80:20 (v/v). (C) CE-MS electropherograms with the sheathless interface in NACE mode;
BGE: ammonium acetate 5 mM in ACN-MeOH 80:20 (v/v). Peaks: Ind: Indomethacin; Sup Suprofen; Dic
Diclofenac, /bu Ibuprofen, Mef Mefenamic acid, Flu Flufenamic acid. Reproduced from [30] with permission
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Nonaqueous conditions are definitely favorable when it comes to
the CE analysis of samples with low solubility in water. This fact
has been exploited in two studies describing the NACE-MS analy-
sis of olive oils and olive fruit with respect to phenolic compounds
[31] and phospholipids [50]. p-Agonists in pork meat were ana-
lyzed by NACE-MS and HPLC-MS [51].

Groom and Hawari investigated the formation of complexes includ-
ing hexamethonium perchlorate (substances frequently used as
rocket fuel) in both aqueous and polar nonaqueous solvents [52].
The resulting complexes were resolved employing NACE and
detected by ESI-MS. A characteristic of this work is the rather
unusual BGE based on a mixture of 2-propanol and acetone.
Organic polymers are often insoluble in aqueous media. For this
reason separation methods working in nonaqueous solution are
preferable for the analysis of such samples. Simo et al. demonstrated
the suitability of NACE-MS for the analysis of synthetic polymers
(poly ( Ne-trifluoroacetyl-I-lysine)) [53]. Thereby, structures con-
taining up to 38 monomers could be resolved. Scrano et al. devel-
oped a NACE-MS method allowing the identification and
quantitation of two novel degradation products originating from the
photolytic reaction of oxasulfuron [54]. Another polymer-related
application of NACE-MS has been published by Morin et al. [27].
The separation of the neutral polyethylene oxide surfactant was
based on its complexation with ammonium in methanol as solvent.
More than 25 oligomers of this surfactant could be characterized.
Aqueous CE, open-tubular capillary electrochromatography and
NACE, all coupled to MS, were compared with respect to their
potential for the impurity profiling of drugs by Vassort et al. [55].
The results obtained within this study suggest that some of the pre-
viously developed CE-MS methods should be replaced by NACE-
MS due to improved separation capabilities. Additionally, NACE
appears attractive as a large portion of drug candidates are poorly
soluble in water. Electrokinetic chromatography with cyclodextrins
in nonaqueous media was employed for the analysis of various acidic
drugs by Mol et al. [26, 56]. The effect of the cationic cyclodextrins
on the ESI process was studied, whereby the separation voltage
applied led to migration of these components in direction of the
inlet vial, thereby not interfering with the ionization process. A fast
NACE-MS method for the speciation of organotin compounds,
substances commonly employed as antifouling agents, was presented
by Malik et al. [57]. The use of a homemade CE instrument allowed
applying separation voltages as high as 35 kV together with the use
of short capillaries—thereby reducing analysis times to 2.5 min.

Several papers discussing fundamental issues with respect to the
coupling of NACE with MS have been published so far. Steiner
and Hassel performed in-depth investigations on the influence of
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solvent properties on separation and detection [19]. They
compared a series of solvents with respect to analysis times, separa-
tion efficiency, as well as performance in combination with ESI-
MS detection. Some of the findings from this paper have already
been discussed in the previous section on “Solvents for NACE and
NACE-MS.” The potential of large volume sample stacking in
combination with NACE-MS was investigated by Kim et al.
whereby a 400-fold enrichment of anionic analytes was achieved
[58]. Technical obstacles arising from the long sample matrix plug
were solved by supplying a backup run buffer from the outlet vial
of the CE system. Cyclodextrins are widely used in electrokinetic
chromatography for selectivity manipulations. Unfortunately they
can cause adverse effects in ESI-MS detection due to the occur-
rence of ionization suppression. Nonaqueous electrokinetic chro-
matography with either anionic [56] or cationic [26] cyclodextrins
has successfully been coupled to MS detection. In a further paper,
Servais et al. discussed the influence of BGE composition and type
of cyclodextrin used on the detector response observed in
cyclodextrin-mediated NACE-MS [28].

3 Materials

3.1 BGE
for NACE-MS

3.2 Sheath Liquid

for NACE-MS

33 CE
Instrumentation

In this section instrumentation and materials for a typical NACE-
MS application are discussed. Some of these points are also valid
for normal CE-MS with aqueous BGE.

BGE ingredients have to comply with both, requirements from
NACE and requirements from ESI-MS. From the wide range of
solvents employed in NACE with spectrophotometric detection
only a few are also used in combination with MS: these are alcohols
(methanol, ethanol) and acetonitrile. Electrolyte ingredients (salts,
acids, or bases) have to be soluble in the selected solvent and have
to be compatible with ESI-MS. So in most cases low molecular
weight organic acids (formic acid, acetic acid) and /or their ammo-
nium salts are employed.

Sheath liquids used in NACE-MS are almost identical to those in
aqueous CE-MS. Although purely nonaqueous sheath liquids can
be used (methanol, propanol, or acetonitrile /alcohol mixtures)
most sheath liquids in NACE contain 20-50% water together with
a small amount of acid /base or a volatile salt to enhance ionization.

“7100 CE System“ (Agilent), Beckman PA 800 (SCIEX
Separations) or equivalent, equipped with an ultraviolet (UV)
absorbance detector, high voltage power supply up to +-30 kV,
and autosampler for both hydrodynamic and electrokinetic injec-
tion. Also a special capillary cartridge for hyphenation with MS is
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needed. Due to the higher volatility of organic solvents (compared
to aqueous BGEs) a cooling option for the tray, housing the sam-
ple and the electrolyte vials is advisable.

The majority of CE-MS applications are performed using a triaxial
sheath flow interface like the one available from Agilent (G1607A
or G1607B). For supplying the sheath liquid ideally an HPLC
pump with a 1:100 flow splitter is employed. A second option is
the use of a syringe pump (e.g., from Harvard Apparatus, South
Natick, MA, USA) whereby an increased baseline noise due to flow
rate fluctuations must be taken into account.

In most cases, MS instruments that offer commercially available
dedicated interfaces for CE-MS coupling are preferable. Apart
from that, MS instruments with an ionization source where the
sprayer needle is grounded, whereas high voltage is applied to the
MS orifice, as is the case in Agilent and Bruker instruments, for
example, substantially facilitate CE-MS coupling. As CE is a highly
efficient separation technique resulting in narrow peaks a sufhi-
ciently fast MS instrument is advantageous. In recent times, TOF
and Q/TOF instruments have become the most frequently used
instruments in CE-MS coupling.

For example, from Polymicro Technologies (Phoenic, AZ) with
inner diameter and outer diameter of 50 and 360 pm, respectively,
and sufficient length to introduce the capillary into the MS interface.
The capillary length can vary significantly due to the different layout
of the available CE-MS systems and may be in the range between
60 cm and more than 100 cm. If coated capillaries are employed,
stability of the coating in nonaqueous BGEs has to be ensured.
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Chapter 8

lonic Liquids in Capillary Electrophoresis

Ulrike Holzgrabe and Joachim Wahl

Abstract

Recently, a great interest was drawn toward ionic liquids (ILs) in analytical separation techniques. ILs pos-
sess many properties making them excellent additives in capillary electrophoresis (CE) background elec-
trolytes (BGE). The most important property is the charge of the dissolved ions in BGE enabling the
cations to interact with deprotonated silanol groups on the capillary surface and thereby modifying the
electroosmotic flow (EOF). Ionic and/or proton donor-acceptor interactions between analyte and IL are
possible interactions facilitating new kinds of separation mechanisms in CE. Further advantages of ILs are
the high conductivity, the environmentally friendliness, and the good solubility for organic and inorganic
compounds. The most commonly used ILs in capillary electrophoresis are dialkylimidazolium-based ILs,
whereas for enantioseparation a lot of innovative chiral cations and anions were investigated.

ILs are reported to be additives to a normal CE background electrolyte or the sole electrolyte in CE,
nonaqueous CE (NACE), micellar electrokinetic chromatography (MEKC), and in enantioseparation. An
overview of applications and separation mechanisms reported in the literature is given here, in addition to
the enantioseparation of pseudoephedrine using tetrabutylammonium chloride (TBAC) as IL additive to
an ammonium formate buffer containing B-cyclodextrin (f-CD).

Key words Ionic liquids, NACE, MEKC, Enantioseparation, Cyclodextrin

1 Introduction

Tonic liquids are defined as (semi-)organic salts with a melting
point below 100 °C. The ionic bond of a salt is stronger than the
van der Waals forces in normal solids and liquids. For that reason,
salts are usually solid and melt at higher temperatures than other
solids. The low melting point of the ILs is explained by a lower
degree of symmetry of cation and/or anion, by high conforma-
tional freedom and an effective charge delocalization [1, 2]. On
the other hand, the high Coulombic forces between the ions in ILs
lead to lower vapor pressures compared with molecular liquids of a
similar molecular weight [3]. Katritzky et al. assumed in 2002 that
there is the possibility to form 10! cation/anion combinations
building an ionic liquid [4]. More specifically, a room-temperature
ionic liquid (RTIL) is a salt with a melting point below ambient
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temperature. The first RTIL, ethylammonium nitrate (melting
point: 14 °C), was described in 1914 by Walden [5]. In most cases,
ILs consist of a nitrogen-containing organic cation and an inor-
ganic or less frequently organic anion. The anion is often fluori-
nated because in this case the negative charge weakens the hydrogen
bond to the cation and as a result lowers the melting point [6].
The structural formulas of widely used ILs are shown in Fig. 1.
Other frequently used anions are halides, hydroxide, sulfate, ace-
tate, and nitrate.

In the past few years, the interest in ionic liquids increased.
One special advantage of ILs is that they can be designed as
requested. It is possible to modify the melting point, the viscosity,
the miscibility, and the electrochemical behavior by altering the
combination of cations and anions. In most cases, the choice of the
anion determines the solubility in water. Water-immiscible ILs
often contain PFs- or bis(trifluoromethylsulfonyl)imide anions,
whereas BF,- provides a high water miscibility. Other advantages
are a high thermal stability, a negligible vapor pressure, and there-
fore an ecological friendliness. Furthermore, they are little or
inflammable and can be designed to be protic or aprotic solvents.
Some physicochemical properties can be explained by the structure
of the cation or the anion. It is also known that a change in cation-
anion combination can influence the physicochemical properties
strongly. For example, the hydrophobicity, density, viscosity, sur-
face tension, and solubility are characteristics depending on the
chain length of alkyl substituents of the IL cation. It has to be
mentioned that impurities in ILs can affect their physicochemical
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Fig. 1 Structures of widely used cations and anions in ionic liquids
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properties. For example, it was observed that halide impurities can
narrow the potential windows because they can be easier oxidized
than other IL anions [7].

In the last few years, ILs get an increasing relevance as reaction
media and catalyst in organic and inorganic synthesis, for example,
in peptide and oligosaccharide synthesis [8, 9]. Considerable advan-
tages are, for example, efficient transfer of microwaves, excellent
heat transfer, increased reactivity, and easy product recovery. In bio-
chemical reactions ILs can improve the activity, stability, and enan-
tioselectivity of enzymes. ILs are applied in photoelectrochemical
solar cells, as electrolytes in rechargeable lithium-ion batteries, in
double-layer capacitors, and in fuel cells. ILs can be used to enhance
solubility of poor water-soluble pharmaceutical drugs to improve
their bioavailability [10]. Furthermore, ILs can be applied for
extraction purpose, for example, in liquid-liquid extraction, liquid-
phase microextraction, and solid-phase microextraction.

2 lonic Liquids in Chromatography

ILs can also be used in analytical chemistry. In gas chromatography ILs
make it possible to separate complex mixtures of polar and nonpolar
compounds [11, 12]. With their thermal stability, wetting ability, high
viscosity, and their controllable solvation interactions they are an ideal
stationary phase. The thermal stability of ILs depends on many factors,
the stability of anions, for example, increases by ascending charge delo-
calization [12]. For this reason, a lot of anions contain fluorine atoms.
Tsunashima et al. reported a higher stability for benzyl-substituted
phosphonium ionic liquids in comparison to the analogous ammo-
nium ionic liquids [13]. Even chiral ionic liquid stationary phases are
reported in gas chromatography [14]. The first commercially available
ionic liquid GC column, based on 1,9-di(3-vinylimidazolium)nonane
bis(trifluoromethylsulfonyl Jimide, was launched in 2008.

ILs are employed as additives in HPLC mobile phases to sup-
press interactions between basic analytes and free silanol groups on
silica-based reversed phases. Better peak shapes, improved resolu-
tion, and shorter retention times can be achieved by addition of ILs
to the mobile phase without having an influence on the pH, which
is in contrast to observation made for triethylamine. ILs as additives
to the mobile phase can also affect the analyte retention mechanism
through interactions with both stationary and/or mobile phase.
However, one important disadvantage of ILs used in HPLC is their
high viscosity leading to unfavorable high back pressure [15].

Columns with covalent IL coatings, such as butylimidazolium
bromide, are reported too [16]. Due to their low vapor pressure,
leading to low column bleeding, ILs are employed as column
material in mass spectrometry. Thereby, a better identification and
quantification of samples is achieved.
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RTILs, based on a-cyano-4-hydroxycinamic and sinapic acid
anions, are tested as a new class of matrix in MALDI-MS, because
they are nonvolatile in vacuum, they adsorb laser light, and they
dissolve samples even more homogeneous than solid matrices [17].
Because of the higher homogeneity the results for quantification
and determination of molecular weight in MALDI-MS are
improved. Even in an ion chromatography—ion association electro-
spray ionization mass spectrometry (1C/IA-ESI-MS) method for
determination of perchlorate ILs showed an advantage [18].

3

lonic Liquids in Capillary Electrophoresis

With regard to ILs in capillary electrophoresis, it has to be noticed
that they may not be used directly as solvent because their high
viscosity and high conductivity is leading to high currents and high
Joule heating. In BGE solutions they do not exist as an IL, but as
dissolved cations and anions. Therefore, ILs in CE should better
be called solutions of ionic liquids. In capillary electrophoresis ILs
could be used as main electrolyte, as electrolyte additive and for
dynamic coating of the capillary surface. ILs have a lot of advan-
tages making them excellent additives in CE background electro-
lytes, e.g., high solubility, heat stability, good electrical conductivity,
and remarkable influence on the EOF.

The application of ILs in capillary electrophoresis had its ori-
gin in the 1980s by using surfactants like cetyltrimethylammo-
nium bromide (CTAB) and tetradecyltrimethylammonium
bromide (TTAB) to control the electroosmotic flow in CZE [19,
20]. Using these surfactants a change of the EOF direction can be
achieved which enables the separation of low molecular weight
carboxylic acids. Furthermore, it was shown that a reduction of
EOF leads to better separation of analytes of nearly similar mobili-
ties. Based on observations in liquid chromatography, Garner and
Yeung, reported an electrochromatography by dynamic ion
exchange using CTAB [21]. They performed a CZE with a poly-
imide coated capillary on which the CTAB adsorbed and formed
a double layer. This double-layer leads to a direction change of the
electroosmotic flow because the stationary phase surface gets
charged positively. Beside the coulombic interactions between the
negative charged analytes and this positive charged double layer, a
small amount of an ion pair between the analytes and CTAB can
be formed, which builds hydrophobic interactions with the coated
stationary phase [22]. Expectedly, for neutral analytes the reversed
electroosmotic mobility in hydrophobic coated capillaries
increased by an increasing concentration of CTAB in bufter due to
the higher positive charge on capillary surface. The increase of
mobility achieves a maximum when the hydrophobic surface is
saturated with CTAB [23].
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It is important to note that CTAB and TTAB are no ionic
liquids, because their melting points are above 100 °C, but these
studies can be considered as a precursor for studying ionic liquids
in CE. Furthermore, separation mechanisms and electrophoretic
behavior of analytes are comparable between ILs and these
surfactants.

In 2000, the first capillary with a covalent bond IL was reported
[24]. The covalent coating with (dialkyl-)imidazolium reversed the
EOF. In contrast to bare fused silica, an increase of the buffer pH
value can reduce the velocity of the anodic EOF because a higher
amount of noncoated silanol groups gets charged negative. The
enhanced migration time leads to an increase in resolution of sev-
eral analytes like carboxylic acids and sildenafil and its metabolite
[24, 25]. The positively charged (dialkyl-)imidazolium cations can
act as a kind of anion exchanger for buffer and analyte anions and
therefore a further separation system is implemented in the capil-
lary electrophoresis system. A covalent coating of silanol groups
with IL cations has few advantages like a repulsion of positively
charged analytes (e.g., sildenafil, inorganic cations [26], DNA
[27]), a stable EOF, coating without deterioration for up to 96 h
[27], and the compatibility with MS detection.

The first real ILs used for aqueous capillary electrophoresis separa-
tion were l-alkyl-3-methylimidazolium based. In 2001, Yanes
et al. separated different phenolic compounds in grape seed extracts
using an IL as only background electrolyte [28]. The direction of
the EOF was observed to be toward the anode because the imid-
azolium cations coated the capillary wall silanol groups leading to
a positive surface charge. It was found that the polyphenols associ-
ate either with the free or the coated imidazolium cations because
uncharged polyphenols migrated after the EOF. A comparison
between the change in EOF and the change in polyphenol mobil-
ity showed that the interaction with free imidazolium dominates.
With increasing IL concentrations the EOF leveled off, the effec-
tive electrophoretic mobility (Ueaechin—HEor) Of catechin increased
even above this plateau. The stability of the EOF at high IL con-
centrations indicates a saturation of the capillary wall with adsorbed
IL. These separations were improved for a lot of different
compounds in the last few years. Interestingly, not only the migra-
tion time gets shorter by increasing IL. concentration, even the
separation between the peaks gets better. By changing the alkyl
group in the cation from ethyl to butyl a better separation could be
achieved because longer migration times lead to more interactions
with imidazolium cations. Interestingly, an increasing chain length
in cathodic detection mode, using same IL concentrations, also
causes a decrease in EOF [29-31]. Summarizing it can be seen that
in both cathodic and anodic detection mode, a longer alkyl chain
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Table 1

leads to a decrease in EOF, longer migration times, and better
separation but also to poorer peak shape. Effects of the alkyl chain
length on EOF are shown in Table 1.

When using low IL concentrations in combination with a tra-
ditional buffer system, the EOF is directed toward the cathode. An
increase in IL concentration leads to a decrease of the EOF veloc-
ity. Higher migration times often lead to improved resolutions due
to a higher number of interactions between analyte and the separa-
tion system. Further increasing the IL concentration resulted in
higher migration time, and occurring of peak tailing decreases the
resolution. The EOF can decrease thus far, that a better separation
of negative charged analytes can be achieved in reversed mode
(shorter migration times, better peak shape) compared to methods
without IL addition. To this end inorganic or small organic anions
with extremely high electrophoretic mobilities, like nicotinic acid
and its isomers, can be separated using ILs [32]. Because of their
high electrophoretic mobility these anions cannot be detected at
the cathode in normal mode. In this reversed mode (EOF still
cathodic) an increasing IL concentration leads to a decrease in
migration time but an increase in resolution and peak shape.
Depending on the type of IL a further increase of IL concentration
can lead to a change in EOF direction, e.g., for the separation of
benzoic acid and chlorophenoxy acid herbicides [33], and anions
can be separated in a coelectroosmotic mode at the anodic capillary
end [34, 35]. Interestingly, this change in direction is reversed
again by raising the pH value, because the silanol groups get depro-
tonated [33]. Effects of IL concentration and BGE pH on the
EOF are also shown in Table 1 and Fig. 2.

The separation of inorganic cations can also be improved by
addition of ILs to the BGE. Because of their weak UV activity
these cations have to be detected in indirect mode using cationic
chromophors (protonated form). For that reason separation and
detection of inorganic cations is limited to low pH values. By cova-
lent coating the capillary with a imidazolium-based IL and using
this IL as BGE additive a constant mobility of inorganic cations
can be achieved in a pH range from 3 to 11 [26].

For the separation of anionic analytes, such as aromatic acids,
and basic proteins an additional improvement of separation can be

Effects of IL concentration, pH, and alkyl chain length of the IL cation on the EOF

EOF-

direction IL-concentration ¢ pH 1 Alkyl-chain length 1t
Cathodic EOF | (inversion possible) EOF 1 EOF |

Anodic EOF 1 to plateau EOEF | (inversion possible) EOF |
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Fig. 2 Possible interactions between analyte and IL cations (coated or in BGE) and IL anions. Due to the better
capillary surface coating and therefore higher positive surface charge and due to the higher amount of anions
migrating to the anode, increasing concentrations of ILs reverse the direction of the EOF. (a) Low IL concentra-
tion — cathodic EOF; (b) high IL concentration — anodic EOF

achieved by using a polymeric ionic liquid (poly(1-vinyl-3-
butylimidazolium bromide)) for dynamical capillary coating because
it reduces the problematic adsorption of analytes to the capillary
wall. The authors hypothesized a higher rate of capillary surface
coverage by polymeric ILs compared to IL monomers [36-38].
First studies on interaction mechanisms between IL and ana-
lytes were conduced by Yue and Shi [39] who used different
1-alkyl-3-methylimidazolium cations to separate flavonoids. They
observed that the H-2 of the imidazolium cation is essential for a
hydrogen bonding interaction with the analytes. This observation
was proved by a 2-methylated imidazolium cation showing no sep-
aration and was confirmed by other studies [40]. When 1-butyl-2-
methyl-3-methylimidazolium tetrafluoroborate was added to the
BGE no resolution of aryl propionic acids could be achieved.
They also reported that the counterion plays a role in separation.
By exchanging counterions (BF,-, PFs-, Br-, I") differences in
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3.3 lonic Liquids in
Micellar Electrokinetic
Chromatography
(MEKC) and Micro
emulsion Electro
kinetic Chromato
graphy (MEEKC)

migration time, separation, and peak shape can be observed.
Interestingly, the resolution increases with a decreasing melting
point of the ILs. This phenomenon can be explained by weaker
interactions (hydrogen bonds) between IL cation and IL anion
leading to a higher amount of free cation that may interact with
capillary surface and analyte. The same observation was made in
NACE where weaker association between the ions leads to a higher
current because of an increasing capillary coating [41]. Cabovska
et al. investigated the interaction between halophenols and 1-ethyl-
3-methylimidazolium cations and found a larger hydrophobic sur-
face of the analyte to elevate the affinity [42].

Using ILs in combination with classical buffers often leads to
poor baseline stability. This can be explained by high UV absorp-
tion of imidazolium and pyridinium cations. Better results can be
achieved by using contactless conductivity detection or electroche-
miluminescence (ECL) [43—46]. By addition of ILs into buffer,
the ECL intensity increases because of the enhanced conductivity
of the BGE, which makes, in comparison to BGE without IL, the
electrical resistance of the sample solution passing the detector
much higher. Alkylimidazolium-based ILs can be used as chromo-
phors in indirect UV detection, for example, in separation of car-
bohydrates and inorganic cations both lacking a chromophor [30].

An ideal application for ILs in capillary electrophoresis is the
separation of basic compounds, because the ILs suppress the adsorp-
tion of these analytes to the capillary surface which results in a better
separation efficiency and repeatability [47]. This beneficial effect can
even be observed in a BGE containing no IL when the capillary was
dynamical coated by rinsing with IL prior to the separation [48].

Associations between ILs and analytes can theoretically be a
result of hydrogen bonding, hydrophobic bonding, ion—ion, ion—
dipole, or ion-induced-dipole interactions. The associations
between IL cations and analytes seem to be more specific and
important for separation in comparison to associations between 1L
anions and analytes. It goes without saying that the choice of the
IL cation plays an important role due to its association with the
analyte and furthermore to its capillary wall coating effect. Analyte
molecules can associate with IL molecules coated on capillary sur-
face and/or IL molecules in bulk solution. Possible interactions of
an analyte molecule with the IL and the influence of the IL con-
centration on the EOF are displayed in Fig. 2.

In 2003, the first MEKC method using ILs was reported [49]. By
using chiral poly(sodium oleyl-L-leucylvalinate) (poly-SOLV) as
surfactant the first enantioseparation of several binaphthyl deriva-
tives in IL. modified capillary electrophoresis was reported, too. An
increase in cathodic EOF was reported at low concentrations of
1-alkyl-3-methylimidazolium ILs. This can be explained by an
increase of current. However, generally by further increasing the
IL concentration in MEKC a decrease in cathodic EOF can be
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observed as a result of capillary coating. No general statement can
be made whether ILs are leading to better or worse separation in
MEKC. The next step was made by Rizvi and Shamsi who for the
first time used an amino acid-derived cationic IL as chiral selector
[50]. They synthesized undecenoxycarbonyl-L-leucinol bromide
and undecenoxycarbonyl-L-pyrrolidinol bromide for the applica-
tion in a MEKC enantioseparation of bromophenylacetate and
2-(2-chlorophenoxy)propanoate anions (structures see Fig. 3). The
application of these ILs reversed the EOF (cathode to anode) and,
by changing the pH value, an electrostatic interaction between IL
cations and analyte anions was found. At low pH values the two
anionic analytes mentioned earlier are not separated because the
protonated acids cannot interact electrostatically with the IL cat-
ions. Similarly, the analysis of uncharged aryl-propionic acids in
anodic detection mode did not provide any enantioseparation by
using this chiral IL as single chiral selector [51]. However, enan-
tioseparation of the acidic analytes was achieved after the addition
of a cyclodextrin (CD) in cathodic detection mode. An overview
over ILs, additives, and analytes is given in Table 2.

Tian et al. achieved a great improvement in separation and
resolution of poorly water-soluble lignans using 1-butyl-3-
methylimidazolium tetrafluoroborate and sodium dodecyl sulfate
(SDS) [52]. Theoretically, it seems obvious that the imidazolium
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Method details to the reported separations in MEKC, MEEKC, enantioseparation, and NACE

lonic liquid

Technique Reference

1-Alkyl-3-methylimidazolium

Undecenoxycarbonyl-L-leucinol
bromide, Undecenoxycarbonyl-L-
pyrrolidinol bromide

Undecenoxycarbonyl-L-leucinol
bromide

1-Tetradecyl(dodecyl)-3-
methylimidazolium

1-Butyl-3-methylimidazolium
hexafluorophosphate

1-Alkylimidazolium tetrafluoroborate

S-(3-(Chloro-2-hydroxypropyl)
trimethylammonium)

Undecenoxycarbonyl-L-leucinol
bromide

Ammonium-based, Pyrrolidinium-
based, 1-Ethyl-3-
methylimidazolium L-lactate

L/D-Alanine methyl(ethyl, tert-butyl) —

ester lactate,
bis(trifluoromethylsulfonyl)imide

6-O-2-Hydroxypropyltrimethyl
ammonium-B-cyclodextrin
tetrafluoroborate

1-Butyl-3-methylimidazolium
hexafluorophosphate, acetate,
trifluoroacetate

BGE
additives Analyte
SDS, Alkyl aryl ketones,
poly- Phenols, chiral
SOLV Binaphthyl derivatives
- Enantioseparation of
Bromophenylacetic
acid,
2-(2-Chlorophenoxy)
propanoic acid
CD Aryl-propionic acids
- Phenols, Benzenes
SDS Phenolic acids
Poly- Enantioseparation of
SOLV Binaphthyl derivatives;
Wartfarin, Coumachlor,
Benzoin derivatives
Cholic Enantioseparation of
acid Aryl-propionic acids,
Atenolol, Propranolol,
Warfarin
CD Aryl-propionic acids
CD Enantioseparation of
Miconazole, Econazole,
Ketoconazole,
Itraconazole

Enantioseparation of
Binaphthyl derivatives

— Different enantiomers

- 2 Bronsted bases (Janus

Green, Brilliant Cresyl
Blue), Sudan Black, 2
Brensted acids
(Thymolphthalein,
Phenolphthalein)

MEKC  [49]
MEKC  [50]
MEKC [51]
MEKC [53]
MEEKC [54]
MEKC [55]
CE [58]
MEKC  [60]
coated [61]
capillary
CE [65]
CE [66]
NACE [69]

(continued)
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lonic liquid

BGE
additives Analyte Technique Reference

1-Butyl-3-methylimidazolium - Phenols, Carboxylic acids NACE [70]

trifluoroacetate, acetate,
hexafluorophosphate,

bis(trifluoromethylsulfonyl )imide

1-Butyl-3-methylimidazolium - (Poly-)phenols NACE [71]
tetrafluoroborate, trifluoroacetate,

heptafluorobutanoate

1-Butyl-3-methylimidazolium - Phenols NACE [72]

trifluoroacetate,
heptafluorobutanoate

3.4 lonic Liquids
in Gapillary
Electrophoresis:
Enantioseparation

cations are electrostatically and hydrophobically attracted by the
negative charged SDS micelle exterior, which neutralizes the
micelle surface. Thereby, the repulsion between the negatively
charged hydrophilic “SDS heads” is reduced leading to a change in
charge, shape, and size of micelles and a decrease of the critical
micelle concentration. It was reported that lignans could be
resolved from other compounds in real samples at low IL and sur-
factant concentrations.

In 2008, Borissova et al. reported a new long-chain alkylimid-
azolium IL that acts simultaneously as IL and micelle former [53].
They showed that these alkylimidazolium ILs build micelles like
other surfactants and that the CMC decreases with increasing
length of hydrophobic tail. Furthermore, they found not only sep-
aration of neutral hydrophobic benzene derivatives due to analyte—
micelle interaction but also of phenols due to electrostatic
analyte—IL interaction as mentioned earlier.

In 2010, Cao et al. reported a MEEKC method using the
hydrophobic IL 1-butyl-3-methylimidazolium hexafluorophos-
phate instead of oil to form an IL/W microemulsion by addition
of SDS [54]. For the separation of phenolic acids they observed a
decrease in EOF by addition of the IL, too. The use of IL/W
microemulsions introduces some new separation mechanisms
compared to O/W microemulsions. There are possible associa-
tions between analyte and coated IL and IL in emulsion droplets
by hydrogen bonding and Coulombic force.

As mentioned before, the first MEKC enantioseparations using ILs as
additive in BGE were performed by Mwongela et al. [49, 55]. They
investigated the resolution of several enantiomers (shown in Table 2)
in a BGE consisting of chiral poly-SOLV micelles and added 1-alkyl-
3-methylimidazolium cations to the solute. The enantioselectivity can
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be either achieved by a chiral selector, like CD, or by the chiral IL itself.
Francois et al. investigated the enantioselective power of choline-
derived ILs (see Fig. 3). No enantioseparation of 2-arylpropionic acids
was found when these ILs were the sole chiral additives to BGE, but
the addition of cyclodextrins revealed a synergistic effect between the
two chiral selectors [ 56 ]. However, not only synergistic effects between
ILs and CDs are possible. Mofaddel et al. reported detrimental interac-
tions between the two additives leading to a decrease in resolution of
binaphthyl derivatives enantiomers [57]. Tran and Mejac observed
that ibuprofen enantiomers can be separated in a BGE consisting of a
chiral IL cation S-(3-(chloro-2-hydroxypropyl)trimethylammonium)
and chiral cholic acid, but neither with the acid nor with the IL cation
solely added to water [58]. Structures of the chiral selectors are shown
in Fig. 3. This observation shows that there can be cooperative interac-
tions between two chiral selectors, the chiral cation and anion, and the
analyte. Salbutamol, cimaterol, and formoterol cannot be enantiosepa-
rated by using B-CD in phosphate buffer only, but by addition of sev-
eral ammonium, imidazolium, and pyridinium-based ILs [59].

Taken together it can be seen that interactions between ILs
and CDs in enantioseparation can be synergistic, neutral, or antag-
onistic. Of note, the synergistic effects in the IL-chiral selector
system result in optimal separation by much lower concentrations
of chiral selectors, like p-cyclodextrin. An antagonistic effect can be
explained by the inclusion of the IL ions in the CD cavity in a kind
of competitive inhibition. A lot of interactions in enantioseparation
using ILs seem to be possible. Beside the inclusion of the enantio-
mers into the cavity of CDs, the IL or an IL.-analyte complex can
also be included in this cavity. The analytes might associate with IL
cations either coated on capillary wall or free in BGE. Furthermore,
associations with the negative counterions are possible. Additionally,
it seems to be possible that the analyte-CD inclusion complex or
analyte—IL-CD inclusion complex can interact with IL ions. For
example, Wang et al. measured the binding constants between the
three compounds analyte, CD, and IL in MEKC [60]. They found
that the enantioseparation was achieved because of the competi-
tion between the IL and the analyte for the CD cavity.

A proof of the interactions between 1L and CD without the
effect of capillary surface coating was performed by using a
polyacrylamide-coated capillary [61]. An enhancement in chiral
resolution by addition of IL to the CD containing BGE could be
achieved in this capillary. Due to the interaction between IL cat-
ions and the analyte—cyclodextrin complex, the migration time was
shortened, indicating that IL cations take part in the analyte-CD
inclusion complex leading to higher electrophoretic mobility. A
BGE containing only IL and no CD did not decrease the migra-
tion time indicating that there is no interaction between analyte
and IL. Furthermore, these observations were manifested by NMR
spectroscopy. Possible interactions between these three compounds
are shown and listed in Fig. 4.
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A ligand-exchange enantioseparation of amino acids using an
amino acid ionic liquid was reported by Liu et al [62]. Using
1-alkyl-3-methylimidazolium L-proline and copper leads to an
adsorption of imidazolium cations on capillary surface. The
L-proline anions associated with the imidazolium cations and the
copper cations with the L-proline anions. The separation of the
amino acid enantiomers was achieved by formation of ternary
mixed-metal complexes with different complex stability constants.
Similar observations were made by using amino acids as cationic
part of ILs in combination with inorganic and organic anions [63].
Mu et al. reported better enantioseparation of amino acids using
an L-proline trifluoroacetate IL compared with a BGE containing
L-proline and trifluoroacetic acid. Other complexes investigated in
ligand-exchange CE are composed of zinc, L-arginine, L-lysine,
and different imidazolium cations. An enantioseparation could also
be achieved in nonaqueous media. Ma et al. separated rabeprazole
and omeprazole enantiomers by using an ephedrine-based IL
((+)- N, N-dimethylephedrinium-bis(trifluoromethylsulfonyl)
imide) as both chiral selector and BGE in acetonitrile-methanol
mixtures [64]. The first aqueous method with a chiral IL as sole
chiral selector was developed by Stavrou et al. in 2013 [65]. They
observed the enantioseparation of binaphthyl derivatives by addi-
tion of alanine ester-based ILs (for details and structure see Table 2
and Fig. 3) in a tris-borate buffer. In 2013, the first IL based on a
CD was reported: an ammonium-f-CD cation was combined with
tetrafluoroborate [66]. A lot of different structures are used as chi-
ral IL-ions, for example, amino acids (as cations or as anions),
ephedrine-based cations, surfactant-based and CD-based struc-
tures. In the last years, two synergistic system with vancomycin-
based and glycogen-based chiral selectors instead of CDs were
reported [67, 68]. It has to be noticed that enantioseparation
strongly depends on composition and pH of the BGE. Chiral ILs
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3.5 lonic Liquids in
Nonaqueous Capillary
Electrophoresis
(NACE)

can be simultaneously used as chiral selectors and electrolyte in
CE. Advantages of amino acid-based ILs are high biocompatibility,
environmental friendliness, stable chirality, weak UV absorption,
and low costs.

ILs are also applied in nonaqueous capillary electrophoresis. First,
they were used as additives to acetonitrile as charge carrier to sta-
bilize the electric field [69-71]. Dialkylimidazolium-based ILs are
especially suitable due to their good miscibility with acetonitrile. A
separation of 5 hydrophobic dyes (details in Table 2) could be
achieved by addition of 1-butyl-3-methylimidazolium ILs to ace-
tonitrile in cathodic detection mode, while no separation can be
seen in 100 % acetonitrile [69]. The authors supposed that the ana-
lytes get charged in presence of the IL by building heteroconju-
gates. Two compounds being Brgnsted bases (Janus Green,
Brilliant Cresyl Blue) interact with the dialkylimidazolium cation
and migrate faster than the two Brensted acids (Thymolphthalein,
Phenolphthalein) interacting with the anions. The analyte being
neither a proton donor nor an acceptor migrates in middle, with
the EOF. The separation mechanism of these compounds and a
schematic electropherogram is shown in Fig. 5. A similar observa-
tion was made when studying the migration order of different phe-
nols, being positional isomers, and carboxylic acids. The migration
order depends on the pKa value, which has an influence on the
degree of heteroconjugation [72]. When methanol or water is
given to the solute the separation diminishes, because these sol-
vents can act as proton donor and acceptor effecting the break-
down of existing heteroconjugates [70]. Further investigations on
separation concept with different anionic counterions confirm the
existence of an interaction between Bronsted acids and IL anions
by estimation of mobilities [71].

The influence of different anionic counterions on 1-ethyl-3-
methylimidazolium cations was tested for flavonoids [41 ]. By using
BF,~ no anodic mobility of the analytes was observed, whereas the
addition of CI- and HSO, led to a mobility toward the anode.
This observation verifies a specific interaction between IL anions
and the analyte, the heteroconjugation between Cl- and HSO, on
one side and the flavonoids on the other side is much stronger than
between BF, and flavonoids. With rising concentration of IL the
cathodic EOF is diminished in nonaqueous capillary electrophore-
sis, too. Like in aqueous CE, a change in EOF direction in non-
aqueous CE can be achieved by addition of ILs [ 64 ]. Furthermore,
Francois et al. demonstrated that there is an affinity of 2-arylpropi-
onic acids to dialkylimidazolium cations in solute as well as to dial-
kylimidazolium cations coated on capillary surface, indicating a
coating of the capillary surface in NACE, too [73]. Interestingly,
the separation of 1-alkyl-3-methylimidazolium cations in pure ace-
tonitrile showed in low concentrations (0-2 mM) a retention
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against an EOF marker, which disappears by increasing concentra-
tions, pointing to the formation of ion pairs at low concentrations.
Thus, a good and stable separation could only be achieved at
higher concentrations of ILs [43].

Seiman et al. investigated the behavior of the EOF in nonaque-
ous solvents containing 1-butyl-3-methylimidazolium trifluoroac-
etate. They observed two different effects [44]: In the first group
(acetonitrile, ethanol, propylene carbonate, dimethylformamide),
the EOF decreased by increasing IL concentrations whereas in
group two (methanol, nitromethane) upon addition of low con-
centrations the EOF increased and passed a maximum before it
decreased. This can be explained by different conductivities and
viscosities between the several solvents used in this investigation.
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4 Conclusions

. ILs can be applied to coat the capillary surface covalently or

dynamically, as single separation medium or binary pseudosta-
tionary phase in combination with micelles, CDs, or chiral
selectors.

. The electroosmotic flow can be controlled by addition of dif-

ferent concentrations of ILs to the BGE.

. The direction of the EOF in CE depends on the concentration

and character of the IL. In low concentrations the EOF heads
to the cathode. Increase of IL concentration leads to decrease
of EOF in cathodic detection mode, because the silanol groups
on the capillary surface get shielded. Addition of even higher
concentrations of IL to the BGE leads to a change in EOF
direction. In anodic detection mode the EOF increases by tur-
ther raising the IL concentrations (see Table 1).

. Some observations suggest that the velocity and reversal of the

EOF depends on the alkyl chain length of the IL cation. In
cathodic detection mode longer alkyl chains effect a decrease
and reversal of EOF in lower IL concentrations than shorter
alkyl chains. This can be explained by the hydrophobicity of
long chain ILs forming a more stable bilayer and thereby the
negative charged silanol groups get better shielded. In anodic
detection mode an increase in alkyl chain length also causes a
decrease in EOF velocity due to the lower positive charge den-
sity (see Table 1).

. By interaction between silanol groups and IL cations the sta-

tionary phase gets more hydrophobic. Therefore, hydrophobic
analytes interact more with the stationary phase.

. A practical problem in working with ILs in capillary electro-

phoresis is the equilibrium of IL in solution and coated on
capillary. So a few runs can be necessary until the silanol groups
on capillary surface are saturated and measured data gets repro-
ducible [28, 59]. The number of runs is depending on the
character of IL.

. Both IL cation and IL anion play an important role in separa-

tion and enantioseparation, whereas interactions between IL
cation and analytes seem to be more specific due to the addi-
tional adsorption on capillary surface. However, a change in
both ions can lead to a change in migration order, peak shape,
and migration time [33, 59].

. ILs are very interesting for the separation of anions with high

electrophoretic mobilities. Because of the change in EOF
direction anions can be detected in anodic detection mode.
The migration time decreases and thereby peak shape and
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resolution can improve. Furthermore, ILs have an advantage
in separation of basic compounds because they suppress the
adsorption of this analytes to capillary wall silanol groups.

9. The melting point of an IL allows predictions of the separation
with this IL in capillary electrophoresis. A low melting point
indicates a weak association between IL cation and IL anion
leading to more free ions in solution. Therefore, longer migra-
tion times, better separation and resolution, and better peak
shapes are observed by using ILs with low melting points. The
melting point of an IL often depends on the ability of an anion
to build a hydrogen bond to its cationic counterion.

5 Enantioseparation of Pseudoephedrine

5.1 Materials

5.1.1 Apparatus

5.1.2 Reagents
and Chemicals

Many currently used pharmaceutical drugs are chiral. It is known
that the biological activity, the toxicology, and pharmacokinetic
parameters of enantiomers can be different. For some drugs it is
important to ensure the enantiomeric purity. Therefore, the devel-
opment of effective methods for enantioseparation is important.
Pseudoephedrine is an active compound of ephedrae herba and a
popular ingredient in cold medicines. A method using the benefits
of ILs to improve the enantioseparation of pseudoephedrine is
reported herein. A comparison to other methods separating pseu-
doephedrine enantiomers developed by our group is also given.

CE experiments were carried out on a Beckman P/ACE System
MDQ instrument (Beckman Coulter, Fullerton, USA) equipped
with a DAD detector. The uncoated fused-silica capillaries (BGB
Analytik, Schloflbockelheim, Germany) had a total length of
60.2 cm (effective length 50 cm) and an internal diameter of
50 pm. The samples were injected hydrodynamically with 0.5 psi
for 5 s on the anodic end of the capillary. The separation was car-
ried out at 25 °C and a voltage of +20 kV. The detection wave-
length was set to 194 nm.

To check the pH of the buffer solutions a PHM220 pH meter
from MeterLab (Villeurbanne, France) was used. For the prepara-
tion of homogenous sample solutions a 2510-Branson-Sonicator
(Heinemann Ultraschall- und Labortechnik, Schwibisch Gmiind,
Germany) was used.

1. All chemicals used were of analytical grade.

2. Tetrabutylammonium  chloride  (TBAC), (18,25)-(+)-
pseudoephedrine, (1R,2R)-(-)-pseudoephedrine, ammonium
formate, and formic acid were purchased from Sigma Aldrich
(Steinheim, Germany), 0.1 M NaOH and 0.1 M HCI from
VWR (Darmstadt, Germany), and p-cyclodextrin from Wacker
(Munich, Germany).
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5.1.3 Buffers
and Samples

5.1.4  Rinsing Procedure

5.2 Methods

1. All buffer and sample solutions were prepared using ultrapure
Milli-Q water (Millipore, Milford, MA, USA) and filtered
through a 0.2 pm pore-size CA-filter (cellulose acetate) (Carl
Roth, Karlsruhe, Germany) prior to use.

2. The running bufter consisted of an aqueous solution of 50 mM
ammonium formate, 12 mM B-cyclodextrin, and a step-wise
raising amount of TBAC.

3. Ammonium formate was dissolved in water and the pH value
was adjusted to 3.0 with formic acid and NaOH.

4. B-Cyclodextrin and TBAC were dissolved in this formate buf-
ter using an ultrasonic bath. The pH value was checked and
adapted with 0.1 M NaOH and formic acid, if necessary.

5. Pseudoephedrine samples were prepared dissolving 5.0 mg
(18,28)-(+)-pseudoephedrine and 5.0 mg (1R,2R)-(-)-
pseudoephedrine in 10.0 ml water. The solution was stored
at 8 °C.

New capillaries were conditioned at 25 °C by rinsing with 0.1 M
NaOH for 20 min, water for 5 min, 0.1 M HCI for 10 min, and
again with water for 10 min.

To avoid current breakdown and to achieve repeatable migra-
tion times and a stable baseline a steady dynamically capillary coat-
ing with TBAC is necessary. To achieve repeatable separations the
capillary was rinsed with water for 5 min, isopropyl alcohol for
10 min, water for 5 min, 0.1 M NaOH for 5 min, water for 5 min,
0.1 M HCI for 5 min, and again with water for 10 min at the
beginning of each working day. At the end of each sequence of
experiments the capillary was rinsed with water for 5 min, isopro-
pyl alcohol for 20 min, water for 5 min, 0.1 M NaOH for 10 min,
water for 5 min, 0.1 M HCI for 5 min, and water for 10 min.
Before a new sample was injected the capillary was conditioned by
flushing with BGE for 5 min.

All capillary wash cycles were performed at a pressure of 30 psi.

To investigate the influence of the IL concentration on the
separation of pseudoephedrine enantiomers the concentra-
tion of TBAC in a 50 mM ammonium formate buffer con-
taining 12 mM f-cyclodextrin was step-wise raised up to
200 mM. Electropherograms are displayed in Fig. 6.

As can be seen in Table 3 and in Fig. 7, an enhancement in
resolution and a prolongation of migration time, due to capillary
coating, was observed. In this concentration range no change in
EOF direction occurred. When the concentration of TBAC exceeds
150 mM no further enhancement of the resolution can be observed.
In contrast, due to the increased migration time and peak broaden-
ing at a concentration of 200 mM TBAC a deterioration of the
resolution can be seen.
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Table 3
Migration time and resolution of pseudoephedrine enantiomers

TBAC (mM) t (min) t, (min) Rs

0 9.0 9.4 0.68
20 14.2 14.9 3.27
50 19.1 20.4 4.60
100 26.2 28.5 4.66
150 349 38.6 5.01
200 36.1 39.3 4.44

Separation conditions are the same as in Fig. 6
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Fig. 7 Plot of the chiral resolution of pseudoephedrine. Separation conditions are the same as in Fig. 6
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Summarizing it can be seen that the addition of TBAC to a
fB-cyclodextrin containing BGE has a synergistic effect on the enan-
tioseparation of pseudoephedrine. By addition of 150 mM TBAC
and 12 mM B-CD to the formate buffer, a higher resolution of
pseudoephedrine enantiomers can be achieved, compared to a CE
method (phosphate buftfer, 12 mM B-CD, pH=3) developed by
our group (Rs=3.1) [74]. Our group also reported a MEEKC
method using 4.0 % sulfated B-CD, 0.5 % ethyl acetate, 1.0% SDS,
4.0% 1-butanol, 2.8% propan-2-ol in 20 mM phosphate buffer
pH 2.5 for the enantioseparation of pseudoephedrine [75]. The
IL-modified CE method yields to resolutions comparable to those
achieved with this method (Rs=5.7).
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Chapter 9

GCZE-GZE ESI-MS Coupling with a Fully Isolated Mechanical
Valve

Felix J. Kohl and Christian NeusiiB

Abstract

The hyphenation of capillary electrophoresis and electrospray ionization—mass spectrometry is a powerful
tool for peptide and protein analysis. It provides high separation power in combination with sensitive and
selective detection and the possibility of analyte identification. Unfortunately, many proven capillary elec-
trophoresis methods are not compatible with electrospray-mass spectrometry since several compounds of
best separating background electrolytes are interfering in the electrospray ionization. Here, we describe a
two-dimensional capillary electrophoresis system using the second dimension as a cleanup stage in order
to remove interfering compounds to enable electrospray—mass spectrometry coupling.

Key words 2D, Heart-cut, Capillary electrophoresis, Mass spectrometry, Electrospray ionization,
Peptides, Proteins

1 Introduction

Capillary electrophoresis—mass spectrometry (CE-MS) gets more
and more important, especially for the analysis of proteins [1] and
peptides [2]. These compounds are easily charged and therefore
ideal for CE separation using, e.g., an acidic background electro-
lyte. CE is providing higher peak capacity and different selectivity in
comparison to liquid chromatography (LC). In addition, mass
spectrometric (MS) detection provides high sensitivity, selectivity,
and the possibility of analyte identification. Due to the ionic charac-
ter of the analytes, coupling via electrospray ionization (ESI) is
appropriate.

However, in many CZE applications with optical detection
established in research and industry, background electrolytes
(BGE) are used containing compounds which are not compatible
with ESI-MS. Solvents or additives which are not volatile and get
ionized by the ESI (e.g., gels, cyclodextrins, inorganic salts) will
soil the ESI source and the MS instrument. Further, it leads to a
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high background signal and to massive quenching of the analyte
ionization. For this reason, some strategy must be used in order to
get rid of these interfering compounds before MS detection.

One strategy to prevent the compounds to reach the detector
is the partial filling technique which was applied with ESI-MS
hyphenation for, e.g., micellar electrokinetic chromatography
(MEKC) [3] or chiral separation of dipeptides by crown ether con-
taining electrolytes [4]. In this approach, the separation capillary is
just partly filled by the MS interfering BGE. Thereby, a part of the
capillary from the capillary outlet is filled with a volatile, noninter-
fering electrolyte working as a cleanup zone. By nature, applicabil-
ity of this technique is limited due to disadvantages such as changes
in selectivity, decreased resolution, and lower peak capacity. Further
on, in MS coupling the electroosmotic flow must be suppressed in
most applications. Otherwise, the EOF will either transport the
interfering compounds to the detection or suck sheath liquid or air
from the MS interface, respectively. Second, it must be ensured,
that the nonvolatile additive is not migrating toward the detector
by electromigration. Hence, it must be neutral or migrate toward
the capillary inlet which restricts the number of possible additives.

Heart-cut two-dimensional (2D) systems are a good alterna-
tive to the partial filling strategy, since they are not restricted to
suppressed EOF and selection of the additives. In this approach,
analytes are separated by the first dimension, containing a non-
ESI-MS compatible solvent or additive. Subsequently the portion
of interest is subjected to the second dimension. Besides others,
the second dimension can be used for a cleanup stage to remove
the interfering compounds.

There is a large number of different interfaces which are used
in CE-CE coupling like, e.g., tee-cross-unions [5, 6], dialysis
interfaces [7, 8], or different gated interfaces [9-11]. Besides
these, a mechanical valve with an integrated sample loop can be
applied as an interface in 2D approaches. With the help of an addi-
tional detector, the portion of interest can be cut very precise and
transferred to the second dimension. Further, nearly every method
can be used in the first dimension, as the two dimensions are oper-
ated completely independent.

Here we describe how to use a fully isolated mechanical 4-port
valve with a 20 nL internal sample loop in order to set up a heart-cut
2D system for 2D-CZE-ESI-MS coupling. In the following, the
selection of the valve as well as the geometry is discussed in detail. Itis
shown, how to setup the hardware of a heart-cut 2D CE-ESI-MS
system, including integration of additional external detectors, switch-
ing time calculation, and ESI-MS coupling. The feasibility of the sys-
tem is demonstrated on the example of a 2D-CE-ESI-MS separation
of a bovine serum albumin (BSA) tryptic digest. With the given
instructions it is possible to setup a 2D system, which enables ESI-MS
coupling of a large number of CE methods which are otherwise not
compatible with ESI-MS detection.



“2D CZE-MS” 157

2 Materials

2.1 Chemicals
and Solutions

2.2 Instrumentation

2.2.1

Valve

. We recommend to use only solvents and chemicals of highest

purity, preferably LC-MS grade for both dimensions, although
only a small amount of the first dimensions BGE reaches the
MS detector.

. Ultrapure water was purchased by a SG Ultra Clear UV (SG

Wasseraufbereitung und Regenerierstation GmbH, Hamburg,
GER) ultra pure water system.

. Isopropyl alcohol (Rotisolv, LC-MS) and acetic acid (Rotipuran)

were purchased by Roth (Carl Roth GmbH & Co. KG,
Karlsruhe, GER). Sodium hydroxide and phosphoric acid (p.a.)
are purchased by Merck (Merck KGaA, Darmstadt, GER).

. BSA tryptic digest samples are obtained from Bruker (Bruker

Daltonics, Bremen, GER).

. First dimension background electrolyte (BGE) depends on the

application carried out. Second dimension BGE: 10% acetic
acid in ultrapure water (see Note 1).

. Sheath liquid: 1:1 (v/v) Isopropyl alcohol:ultrapure water

(see Note 2).

. Mix all solutions well and degas in an ultrasonic bath (se¢ Note 3).

. A VICI C4N-4354-.02D four-port-valve with an internal

20 nL sample loop is used (VICI-Valco Instruments Co.,
Schenkon, CH). The rotor and the stator of the valve are both
made from plastic material (Valcon E, PTFE /PEAK mixture)
(see Note 4).

. In addition to the 20 nL sample loop, the rotor has two short-

cuts with a volume valued at 7 nL (roughly 1/3 of the loop).

. Four capillaries can be installed at the valve by four connec-

tions. Connection S and W are used for the first and connec-
tions P and C for the second dimension. The valve can be
switched in two positions, position A (load position) and posi-
tion B (inject position) (se¢ Note 5). Figure 1 illustrates the
switching scheme of the valve.

. In this valve design the two dimensions are never connected to

each other. The loop is filled with the target analyte in the first
(position A) and switched to the second dimension (position B).
It is further possible to flush both dimensions separately and
even simultaneously.

. Capillaries are connected to the valve by four 1,/32” finger-

tight fittings in combination with appropriate 1/32" sleeves
for the use of capillaries with an o.d. of 325-375 pm. Attached
well, the valve provides a negligible dead volume.

. The valve is equipped with an electric valve actuator which

allows switching the valve via two buttons in position A and B.
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Position A

Position B

Fig. 1 Switching scheme of the 4-port valve. Position A load position; Position B inject position

222 CE

1. For 2D experiments, two high voltage (HV) sources and two

grounded outlets are needed to have two independent dimen-
sions. Using two CE instruments is ideal because this enables
two pressurized inlets each equipped with an autosampler.
Further, one of the two outlet vials is used for grounding of
the first dimension. The second dimension electric circuit is
enclosed by the ESI interface of the MS.

2. We are using a combination of a Beckman PA800+ (Beckman

Coulter, Brea, USA) for the first (CE 1) and an Agilent
G1600AX (Agilent Technologies, Waldbronn, GER) for the
second dimension (CE 2) but any other combination of instru-
ments, which are able to deliver 30 kV separation HV, may be
sufficient as well (see Note 6).

3. Always make sure that all parts of the system are electrically

shielded sufficiently in order to avoid accidents. This is espe-
cially important if you will use an external HV source and or
grounding.

4. All instruments are controlled by the appropriate software. We are

using Beckman 32 Karat V. 9.1 for control of the PA800+ and the
Agilent 3D-CE ChemStation B.04.02 SP1 for the G1600AX. When
possible, try to install the software on one computer.

5. Fused-silica capillaries with 365 pm o.d. and 50 pm i.d. are used

in both dimensions (Polymicro Technologies, Phoenix, USA).

6. Four capillaries are needed in total. For first dimension: capil-

lary 1A, from the inlet of CE 1 to connection S at the valve and
capillary 1B, from connection W to the outlet of CE 1. For the
second dimension: capillary 2A, from the inlet of CE 2 to con-
nection P at the valve and capillary 2B from connection C to
the ESI source. Capillary length depends on the assembly of
the system and on the position of the valve. Typically capillary
lengths are in the range of 50 cm for capillary 1A and 2A and
30 cm for capillary 1B and 2B leading to a total length of
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80 cm. Keep the capillaries as short as possible to minimize
total analysis time.

. Cut the capillaries properly to achieve orthogonal and flat tips (see

Note 7). In particular, the outlet of the second dimension which
is inside the ESI source needs a well cut tip to enable a stable elec-
trospray. Also the capillary tips which are connected to the valve
should be as flat as possible to avoid damages while fixing.

. Here, we use a Bruker Esquire 6000 3D ion trap for MS detec-

tion (Bruker Daltonics, Bremen, GER). Other MS instruments
may be sufficient as well (se¢ Notes 8 and 9).

. For the detection of the cationic peptides, ESI is used in posi-

tive ionization mode at a voltage of +4000 V. The ion trap
operates in scan mode with a range of m/z 100-2500, a target
0t 2000 m/z, and an ICC of 20,000. Dry gas is delivered with
a flow rate of 5 L /min at a temperature of 300 °C while nebu-
lizer gas pressure is set to 10 psi.

. The mass spectrometer is calibrated with sodium formate clusters.

Clusters cover the used mass range with a higher number of mass
points in comparison to the commercially available TuningMix
which is used for higher m/z range (e.g. protein analysis).

. ESI coupling is carried out by an Agilent coaxial sheath liquid

CE ESI-MS sprayer kit (Agilent Technologies, Waldbronn,
GER). Sheath liquid is delivered by a KD 78-9100 K syringe
pump (KD Scientific, Holliston, USA) equipped with a 5 mL
SGE 5MDR-GT gastight syringe (SGE analytical science,
Melbourne, AUS) with a flow rate of 4 pL./min.

. ATIDAS CCD UV/NIR external UV detector (J&M Analytik

AG, Aalen, GER) is used for detection in the first dimension at
a wavelength of 190 nm (se¢ Note 10).

. The detector is operated with the appropriate detection cell.

The cell is mounted <4 c¢cm before the valve by an in house
constructed detection cell mount.

. Control and data processing is carried out by the TIDASQ V.

2.39 (J&M Analytik AG, Aalen, GER) software.

3 Methods

3.1 Setting Up the 2D
System

. Place the two CE instruments as close to each other as possible

and near to the MS interface (se¢ Notes 11 and 12).

. Mount the valve at an adequate position. Make sure that the

capillary lengths fit to the positioning of the CE instruments,
the ESI source, and the valve.
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3.2 Integration
of a Detection Option
in the First Dimension

3.3 Switching Time
Galculation

. Prior to connecting to the valve, capillaries are conditioned

separately in three flushing steps: (a) 5 min 1000 mbar H,O,
(b) 10 min 1000 mbar 1 M NaOH, (¢) 5 min 1000 mbar
H,0. For preconditioning, install the capillary in one of the
two CE instruments (se¢ Note 13).

. After the conditioning procedure, connect all capillaries to the

valve and the two CE instruments (refer to Subheading 2.2.2,
item 6) (see Notes 14 and 15).

. Remove the polyimide coating at the outlet tip of capillary 2B

by a pocket lighter and clean well with a towel wetted with
isopropyl alcohol /ultrapure water 50:50. Install the capillary
in the ESI sprayer. Check the proper positioning of the capil-
lary by a loupe or a microscope. The capillary tip should slightly
protrude the sprayer needle.

. Install the ESI sprayer in the ESI source and connect nebulizer

gas and sheath liquid. Start the syringe pump and flush the
sheath liquid line by pressing fast forward.

. Flush both dimensions with the respective BGE (about 10 min

1000 mbar). Switch the valve meanwhile to have every channel
flushed.

. For separation, both dimensions are operated at 30 kV in order

to achieve a high separation efficiency. The appearing current
is typically in the range of about 15 pA but is depending on the
capillary lengths and on the used BGE (see Note 16).

. A scheme of the complete two-dimensional setup is shown in

Fig. 2.

. The detection cell is placed at capillary 1A as near as possible

to the valve and fixed by a mount (see Note 17).

. Install the capillary and the detection cell and mark the posi-

tion with a marker.

. Remove the capillary to determine total length (/4,,) and effec-

tive length (Lg).

. A detection window must be manufactured at the capillary if

optical detection should be used (see Note 18).

. Reinstall the external detector at the capillary and connect the

capillary again to the inlet of CE 1 and connection S at the valve.

. Switching times are calculated “on the fly” by the UV detec-

tion signal in the first dimension.

. Determine the migration time (%,) at the middle of the target

peak. The middle of the peak correlates to the middle of the
sample plug.

. Calculate the migration velocity (v,,) by:
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Fig. 2 Scheme of the 2D separation system

4. With the help of »,, you can calculate the time the analyte needs
to cover the distance from the external detection to the middle
of the sample loop (%) (se¢ Note 19) by:

Ly —1lg+0.5cm
td = -
vm

5. In order to cut the target peak, switch the valve (see Note 20)
at #, which is calculated by:

=t +t,
34 2DCZE-CZE-MS  Figure 3 shows an exemplary 2D separation of a BSA tryptic digest.

Separation In order to demonstrate the feasibility of the 2D system, both
dimensions were used with 10% acetic acid BGE (pH 2.2).
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Fig. 3 CZE-CZE separation of a BSA tryptic digest; (@) 1D CZE-MS reference separation, EIC; (b, ¢) 2D CZE-

CZE-MS separation

Figure 3a is a 1D CZE-MS separation of the sample. Here, the
valve was used as injection valve: the loop was flushed with analyte
solution from the first dimension and switched afterward.
Subsequently, separation HV was applied to the second dimension.
Figure 3b and 3c shows two different 2D CZE-CZE-MS experi-
ments with two different switching times.

1.

Prepare first dimension and second dimension BGE and degas
both solutions. From each BGE, a vial is filled and positioned
in the particular CE instrument.

. Dissolve the sample, transfer to a sample vial with a pL-insert

and position in CE1.

. Switch the valve to position A.
. Flush both dimensions with BGE for 5 min at 1000 mbar.
. Inject the sample solution in the first dimension by hydrody-

namic injection.

. Apply first dimension separation HV (30 kV) and start external

detector data acquisition simultaneously (see Note 21).

. The current should be stable and in the range of some

HA. When current breakdowns or a slow increasing of the cur-
rent is observed, check solutions, capillaries, and valve (see
Notes 22 and 23).
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. As the solutes reaches the detector in the first dimension, %, of

the target peak is determined and g is calculated by this value.

. At a first dimension analysis time of #, shut off first dimension

HV and switch the valve to position B.

Subsequently, apply second dimension separation HV (30 kV)
Further ESI-HV as well as MS data acquisition is started
simultaneously.

4 Notes

. In protein analysis, 10% (v/v) acetic acid is mostly sufficient.

In peptide analysis, often a formic acid buffer leads to a better
separation. However, second dimension separation is not the
issue in the system described.

. If weak ionization efficiency is observed, ionization modifier may

help. Add 0.1-1% (v/v) formic or acetic acid to the sheath liquid
in case of positive ionization in peptide and protein analysis.

. Degassing of all solutions is required in order to avoid gas bub-

ble formation inside the CE capillary. Remaining gases in the
solutions tend to form air bubbles especially in combination
with joule heating while analysis. This bubbles cause very
unstable currents and current breakdowns. If there are prob-
lems with the currents, check if all solutions are degased well.

. Rotor and stator are produced from nonconductive material.

Therefore, the valve itself is fully isolated and extra isolating
from the two CE electric circuits is not necessary.

. In position A, the two capillaries of the first dimension are con-

nected by the loop and the two capillaries of the second dimen-
sion are connected by one of the shortcuts. The second
shortcut is not used. Switching in position B, the two capillar-
ies of the second dimension are connected by the loop and the
first dimension by the second shortcut.

. It is also possible to use an external HV source and an external

BGE vial for grounding of the first dimension but this needs
changes in the instrument hardware.

. Usually, we cut the capillaries by a small ceramic cutting plate.

Fix the capillary on a table and scratch the capillary orthogonal
with a slight pressure. Break the capillary by pulling. Also dia-
mond cutters are producing good results. Further on, ready cut
and polished capillaries can be purchased by commercial retail-
ers like Polymicro (Polymicro Technologies, Phoenix, USA).

. In principle, MS instruments where ESI-HV is applied at the

MS inlet and not at the ESI spray needle are preferred for CE
hyphenation. In this instruments, fabricated by Bruker Daltonics
and Agilent Technologies, the spray needle is grounded and
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10.

11.

12.

13.

14.

15.

16.

17.

18.

decouples the two HV circuits of CE and ESI. This is beneficial
for method development and stable electrospray conditions.

. TOF or Q-TOF mass spectrometers own a high mass range

and mass accuracy which is important especially in protein
analysis. These instruments perfectly measure the narrow
peaks, typical in CE separations, due to the high acquisition
speed. Quadrupole instruments and ion traps can be also
appropriate for peptide analysis although, in particular quadru-
pole instruments are limited in CE coupling while they are
comparably slow in scanning mode.

Depending on the application, external laser-induced fluores-
cence (LIF) or capacitively coupled conductivity detectors
(C*D) may be suitable as well. Make sure that you have the
possibility to install cell /sensor of the external detection close
to the valve (4 cm or less).

The valve needs to be firmly fixed. Otherwise it will move
while switching and relocate the external detection. This leads
to variations in the UV signal or the baseline, respectively. At
best, use the provided valve mount and drill and tap two M3
threads on a stable surface, e.g., at one of the CE instruments,
where you can fix the valve by two M3 flat head screws.

The valve should not be installed in an upright way. Otherwise,
if the valve gets untight, the liquid will possibly enter and dam-
age the valve electronics.

Especially in the analysis of proteins, often coating of the fused
silica capillary is necessary to avoid attraction of the solutes to
the capillary wall. Please check if'a coating is needed and choose
the type of coating according to your application.

The finger tight fittings should be tightened with care. If the fit-
tings are attached with too high force, the capillary tip will possi-
bly break and may damage or clog the connection in the rotor.

Make sure that the capillaries are connected in the correct
direction. The inlet and outlet of the loop need to be the same
in both dimensions.

The valve material tends to be damaged by high currents. Try
to use BGEs with a comparable low ionic strength to avoid
high currents. Otherwise, decrease separation HV.

The mount depends on the design of the sensor used and may
be special constructed. Make sure that the cell /sensor is fixed
well. The valve will move/vibrate while switching which may
cause variations in the detector signal if the vibrations are
transmitted in any way.

For the installation of the sensor when conductivity detection
is applied, the same procedure as used for an optical detection
cell (refer to Subheading 2.2, items 1-5) can be followed.
Except step 4 since a detection window is not needed.
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19. The sample loop of the valve has a volume of 20 nL. This vol-
ume correlates to the volume of about 1 ¢m of a 50 pm i.d.
capillary. Therefore, the distance from the detection window
to the middle of the sample loop is 4, —Lg+the length of a
capillary correlating to half of the volume of the sample loop
which is, in case of a 50 pm i.d. capillary, 0.5 cm.

20. Shutting off the separation HV while switching the valve leads
to a more robust system. In principle it is possible to switch the
valve while HV is applied but there is a risk of bubble forma-
tion or bubble entry by the switching process leading to cur-
rent breakdowns in both dimensions. In order to avoid this, it
is recommended to shut off HV at # and switch the valve sub-
sequently. Migration of the analyte is stopped immediately
when HV is turned to zero. Therefore, there is no issue with
diffusion in switching the valve some seconds after

21. Triggering of the detector by the CE instrument is ideal when
possible. Beckman CE instruments provide two relays which
can be switched in the CE method at any point. Therefore, it
is possible to trigger both, the detector of the first dimension
and the MS. When there is only one possibility to trigger a
detector, use it for the detection in the first dimension since a
precise determination of the migration time is important in
order to determine correct switching times.

22. When current is unstable, check if the capillaries are damaged
(especially at the fragile detection window) or clogged and degas
solutions. Further, the valve may be untight or clogged.
Disassemble the valve and check the bores by a microscope. The
bores can be cleaned with water pressed through by a pipet.
Clean the valve carefully by a lint-free towel and reassemble.

23. When the current is slowly raising in one dimension, check the
current in the other dimension. This current must always be
zero. If it is not, the valve is untight and the current is able to
flow between the dimensions. This is often due to damaging
rotor or stator by the switching process. Disassemble the valve
and check rotor and stator for scratches. If one of the parts is
damaged, it will need to be replaced or polished, respectively.
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Chapter 10

Capillary Electrophoresis-Inductively Coupled Plasma
Mass Spectrometry

Bernhard Michalke

Abstract

During the recent years, capillary electrophoresis (CE) has been fully established as a powerful tool in sepa-
ration sciences as well as in element speciation. This road of success is based on the rapid analysis time, low
sample requirements, high separation efficiency, and low operating costs of CE. Inductively coupled plasma
mass spectrometry (ICP-MS) is known for superior detection and multielement capability. Consequently,
the combination of both instruments is approved for analysis of complex sample types at low element con-
centrations which require high detection power. Also the diversity of potential applications brings CE—
ICP-MS coupling into central focus of element speciation. The key to successful combination of ICP-MS
as an (multi-)element selective detector for CE is the availability of a suitable and effective interface.
Therefore, this chapter summarizes the most important and basic principles about coupling of capillary
clectrophoresis to ICP-MS. Specifically, the major requirements for interfacing are described and technical
solutions are given. Such solutions include the closing of the electrical circuit from CE at the nebulization, the
adoption of flow rates for efficient nebulization, the reduction of a suction flow through the capillary, caused
by the nebulizer, and maintaining the high separation resolution from CE across the interface for ICP-MS
detection. Additionally, detailed information is presented to determine and quantify the siphoning suction
through the CE capillary by the nebulizer. Finally, two applications, namely, the manganese and selenium
speciation in cerebrospinal fluid are shown as examples, providing the relevant operational parameter.

Key words Capillary electrophoresis, Inductively coupled plasma mass spectrometry, Interface,
Problem solutions

Abbreviations

CE Capillary electrophoresis

CZE Free zone electrophoresis

ICP-MS  Inductively coupled plasma mass spectrometry
IEF Isoelectric focusing

ITP Isotachophoresis

LC Liquid chromatography

LoD Limit of detection

MEKC  Micellar electrokinetic chromatography
RF Radiofrequency

USN Ultrasonic nebulizer
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1

Introduction

Nowadays capillary electrophoresis (CE) is a useful tool with high
reproducibility in separation sciences as well as in element specia-
tion. CE provides rapid analysis time, low sample requirements,
high separation efficiency, and low operating costs [ 1, 2]. Specifically
the high separation potential of CE [3] combined with the superior
multielement detection capability of ICP-MS must be considered as
the outstanding potential of CE-ICP-MS. This together with the
diversity of potential applications makes the coupling of CE to
ICP-MS as a powertful technique for studies in the field of metallo-
mics and element speciation, but also for quantitative proteomics
based on elemental tagging. In each of these mentioned fields, the
separation of metal-carrying- (organic-) molecules, so-called metal
species, is followed by element selective detection resulting in paral-
leled element-selective electropherograms [ 1-3].

Consequently, this analytical approach is widely used for specia-
tion analysis in various scientific fields, investigating topics such as
lanthanides in humic substances [4] or As, Eu, Hg, Np, Se, U and
organo-tins in environmental matrices [5-11], biomedical applica-
tions like manganese speciation in paired serum and cerebrospinal
fluid samples, the determination of gadolinium-based MRI contrast
agents or of phosphorus in DNA organotin compounds and the
characterization of metal glycinate- and metal-phytosiderophores
complexes [ 12-17], anticancer drug-related investigations [18-23],
and elemental tagging for quantitative proteomics [24-30].

In all of those experiments, the key to a successful CE-ICP-MS
hyphenation is an interface which is perfectly adapted to the specific
requirements of both techniques. The analytical chemist should prop-
erly control the relevant variables for best overall performance [31].

Four major requirements for interfacing both instruments are
known [3, 32, 33]: (1) The closing of electrical circuit from CE,
(2) an optimized nebulization efficiency and mass transport into
ICP-MS, (3) the reduction of suction flow through the capillary
caused by the nebulizer, and (4) a low “dead volume.”

Several successful approaches were described in literature for
setting up such an interface, mostly working along similar technical
solutions based on pneumatic nebulization systems [ 3, 31, 34-37].
Less applied attempts were using an USN device, a direct injection
nebulizer with sheath flow or hydride generation.

This chapter summarizes basic principles for coupling CE to
ICP-MS. Therefore, a special focus is drawn to interface develop-
ments and technical problems, i.e., requirements to the interface
setup and respective solutions. Finally, two applications, namely,
Mn- and Se-speciation in serum and/or cerebrospinal fluid, are
described in detail to enable a simpler startup even for those opera-
tors who had not used such an instrumental combination in the past.
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2 General Aspects: Limitation and Potential of CE-ICP-MS Coupling

Starting first with some limitations: The most important drawback
of this hyphenation technique is the fact, that CE-ICP-MS has
worse concentration detection limits than LC-ICP-MS. This is
due to the low sample intake to be analyzed. Limits of detection
(LoD) are often above environmental or biological relevant species
concentrations in real samples. Consequently, many problems can
be related to the attempt of decreasing concentration detection
limits to real-world concentrations when using (partly inadequate)
stacking and separation conditions. Difficulties are often related to
chemical interactions of samples, electrolytes, and the capillary or
detector interferences [38]. This is not surprising as species stabil-
ity can be impaired by “wrong” CE conditions, predominantly
complexing electrolytes, inadequate pH, etc. [39]. In protein-rich
biological samples, a typical problem is a total or partial compound
sticking to capillary. Such an outage appears more likely without
temperature control of the CE capillary. Most CE systems nowa-
days provide such a temperature control, however, typically inside
the instrument. Since the capillary is managed outside the instru-
ment—at least its terminal part—for being interfaced to ICP-MS it
may be advised to install an additional capillary cooling, e.g., in a
tubing around the capillary where the coolant is driven by a peri-
staltic pump (see Fig. 1). In case protein sticking appears quantifi-
cations are usually wrong and “pseudo-species” may be detected.
This is caused by accidentally redissolved protein particles from
previously sticking ones. Such peaks may pretend species within a
sample, but are only artifacts. If such artifacts appear at specific
standard migration time they can be erroneously “identified* as a
certain species. The well-known migration time variations caused
by differences in ionic strength of bufters or samples are a further
problem for species identification [40]. Standard additions help to
overcome this uncertainty [41]. However, also the generation of
new species during analysis must be considered. As ICP-MS is a
sequential detection system, the monitoring of too many isotopes
in parallel may result in missing fast migrating peaks of one isotope.
Detection limits of the CE-ICP-MS system up to now are just suit-
able or still too high for several real-world samples. Thus, the
demand for coupling to more sensitive detectors, e.g., [CP-sf-MS
is recommended and is also realized in literature [17, 42].

Nevertheless, CE-ICP-MS is a powerful tool in metal specia-
tion and elemental tagging approaches and the above-mentioned
limitations mainly refer to the capillary electrophoresis side but less
to the important interface between the two analytical systems.

It is of paramount importance for this hyphenation technique
that the interface is working at its optimum. When the setup of an
interface is successfully implementing the specific requirements
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Fig. 1 The scheme shows an overview for mounting an interface between capillary electrophoresis and ICP-
mass spectrometry. In the upper part the most important issues are demonstrated: Closing of electrical circuit
for CE, feeding the sheath flow by a pulse-free syringe pump, temperature control of the capillary outside the
CE instrument to ICP-MS, small volume spray chamber. The lower part shows the optimal positions of (a) the
beginning of nebulizer capillary and (b) the end of CE capillary. The CE capillary should be moved close to the
beginning of the nebulizer capillary, however, leaving sufficient space for the sheath liquid to flow around the
capillary end

detailed in this chapter the interface is working reliable and no
specific coupling problems occur. Investigations then can concen-
trate on the broad potential of this technique. The undisputed
advantages and potential of CE-ICP-MS are its high separation
capability, the short analysis time, and the high selectivity and sensi-
tivity of detection. Since flow rates are low and volumes reaching the
plasma are in the nL—pL range only [32] the ICP-MS accepts all
buftfers and modifiers without any problems. Plasma stability is not
affected. Therefore, online preconcentration methods, such as iso-
tachophoresis (ITP) combined with free zone electrophoresis (CZE)
are easily possible, providing still acceptable species separation even
when sample volumes are drastically increased for improvement of
concentration-LoD. Buffer sandwiches or discontinuous buffer sys-
tems often result in improvements of separation. Even nearly non-
aqueous buffer systems which maintain only little conductivity are
accepted by the detector as the sheath flow (e.g., HNO;) overcom-
pensates the few nl coming from CE capillary. The different separa-
tion modes—CZE, ITD, isoelectric focusing (IEF), or micellar
electrokinetic chromatography (MEKC)—allow separation solutions
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for nearly all element species and stand for a wide characterization of
the sample. The powerful ICP-MS detector provides element and
isotope information, as well as multielement capability combined
with low detection limits. Typical LoDs are in the 0.03-30 pg/1
range, depending on species [39]. As with LC-ICP-MS species
identification is realized by standard matching. Further, there are no
stationary phases that can impair species stability [32]. Several
authors already demonstrated applications to real-world samples of
very different matrices and very low species concentrations.

3 Method: Important Details About Interfacing CE to ICP-MS

3.1 Requirements
and Solutions

Much effort has been devoted (and still is) to interfacing CE with
inductively coupled plasma (ICP) mass spectrometry (MS).

Designing an interface for the nebulization of micro-separation
technique effluents into a fine aerosol and ensuring efficient trans-
port into the plasma is not an easy task [43]. Thus, the most crucial
point in hyphenating CE to ICP-MS first is the interface itself
which must fulfill special requirements:

1. The closing of the electrical circuit from CE at the end of the
capillary.

2. Adapting the flow rates best suited for CE and nebulization.
The low flow rate from CE does not match the flow rate for an
efficient nebulization.

3. Minimizing the siphoning suction flow through the capillary.

4. Preserving the high separation resolution from CE while trans-
ferring the analytes to ICP-MS.

The requirements 1-3 are solved principally in the same man-
ner in (nearly) all described interfaces, independent on whether
they are commercially available or laboratory constructed.

An electrolyte sheath flow, being in contact with the outlet elec-
trode, is mixed with the capillary effluent at the end of the capillary,
which is positioned as close as possible to the point of nebulization.
When using commercial low-flow nebulizers the CE capillary can be
positioned just before the nebulizer capillary (see position “a” and “b”
in Fig. 1). Both capillaries should be positioned with minimal distance
to each other for avoiding peak broadening, but there must be still a
cleft to allow the sheath flow mixing with CE effluent. The task of this
coaxial electrolyte flow around the CE capillary is multifacetted: First it
must provide the electrical connection from the grounded outlet elec-
trode to the end of the separation capillary. Usually, a current between
10 and 30 pA is determined. Second, the sheath flow is used to adapt
the flow rate for suitable nebulization efficiency. It turned out that
diluted nitric acid (ca. 0.1%) was best suited for this task, although the
sheath electrolyte also has the function of the outlet electrolyte with
respect to suitable pH settings. Potential disadvantages of other
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3.2 Method:
Determining

a Siphoning Suction
Flow

makeup solutions, such as plasma instability, poor precision, and
degradation of ICP-MS performance, were avoided when using nitric
acid. Further, the use of an inorganic acid instead of a salt solution
provides the nebulizer from crusting and blocking.

In some applications pH stacking occurs resulting in peak sharp-
ening. This is considered as a positive side eftect. However, H* move-
ment toward the inlet bufter (at - /+ polarity) can result in pH decrease
in inlet electrolytes shifting separation conditions out of optimum.
For keeping separation conditions defined at optimum, this buffer
should be replaced regularly (in case even after each run) when HNO;
is used as sheath electrolyte. For providing a sheath flow with lowest
pulsation a syringe pump is preferred over peristaltic or HPLC pumps.
Another task of the sheath flow is preserving an adequate flow rate for
efficient nebulization (typically 10-100 pL, depending on the nebu-
lizer used) which is in considerable excess compared to the analyte
leaving CE capillary (typically<2 pl./min). A careful optimization of
the flow rate is crucial since a high flow rate often improves nebuliza-
tion efficiency but contrary results in higher dilution of analytes com-
ing from CE capillary. An additional positive effect of the sheath flow
is the reduction of the suction force from nebulizer on the capillary
lumen: The more this suction is fed from sheath flow the lower the
suction affects the capillary lumen. Therefore, the suction flow usually
gets controlled by capillaries with low inner diameter in commercial
interfaces and/or by the dimensions of the separation capillary itself.
Typically a suction flow is reduced by selection of appropriate column
dimensions: a) using a long CE capillary (1.5 m) with a standard inner
diameter of 50 pm [33], or b) by a short (2 cm) but narrow interface
capillary (10 to <25 pm ID) set at the end of the CE capillary [44].

Both problem solutions are based on the law of Hagen—
Poiseuille. Some approaches in literature apply a negative pres-
sure at the inlet during separation. However, exactly meeting the
point of equilibrium between nebulizer suction and counter suc-
tion at inlet is complicated to operate. Finally, self-aspiration of
the sheath flow was suggested to overcome the suction flow.
Before starting to analyze samples the suction flow should be
checked and quantified. Two approaches are described in litera-
ture for checking the suction flow (e.g., by Michalke et al. [39,
45] or Schaumloftel et al. [46, 47]), focusing on whether or not
there is a suction flow or, more detailed, even quantifying the
amount of the suction flow:

The occurrence (yes/no) of the suction flow can be elucidated as
described as follows:

The capillary gets first filled with buffer and the electrical cur-
rentmust be determined athigh voltage, e.g.,at 20 kV. Subsequently,
the capillary’s inlet should be kept into air while nebulization gas is
turned on for 60 min. In case of a suction flow, air will intrude into
the capillary. After 1 h the electrical circuit along the capillary must
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be checked again when nebulization gas is turned off and the capil-
lary’s inlet is dipped again into the inlet electrolyte. In case a suc-
tion flow had occurred, an air bubble will now interrupt the
electrical circuit and the measured current will be practically zero
even at high voltage of 20 kV.

Quantifying a suction flow takes more than double the time
compared to getting a simple yes/no answer:

The experiment starts as above with filling the capillary with
electrolyte and measuring the current at 20 kV while the nebulizer
gas is turned off. Subsequently, the capillary inlet is dipped into a
standard solution at higher concentration (~200 pg,/L) for 60 min.
During this first step, the nebulizer gas remains “oft.” Therefore,
the standard solution can enter the capillary only by diffusion. This
“zero-flow—diffusion-value” will be needed later for correction.
After 60 min the capillary inlet gets relocated into inlet electrolyte
and the nebulizer gas gets turned on. In parallel ICP-MS detection
is started while the capillary lumen is purged to ICP-MS. The
monitored peak signal which is now detected corresponds to the
standard amount which entered the capillary only by diffusion
without suction forced flow.

In a second step, this experiment should be exactly repeated
except that the nebulizer gas remains “on” during the 60 min period.

The peak signal monitored at the end of the second step cor-
responds to the standard amount entering the capillary by
suction + diffusion.

The final experimental step for suction flow quantification aims
for a peak area vs. capillary volume calibration: Therefore, the
capillary must be filled completely with standard solution.
Subsequently, the monitoring of the baseline by ICP-MS should
be started. When now purging the capillary lumen with electrolyte
to ICP-MS, the signal will first increase as long as standard from
the previously filled capillary is reaching the detector. The signal
falls back to baseline when the purging electrolyte has removed the
standard solution from capillary lumen and reaches the detector.
The area below the resulting broad hump corresponds to the capil-
lary volume (in pL), which in turn is calculated by the equation
7 xxx L (r=radius, L=length, both in mm: volume results in (pL)).

The final equation F['U—L} _As—Ad

h Ac
suction flow (without diffusion) during 60 min (1 h), where
As=peak area while nebulizer gas was turned on (suction +diffu-
sion), Ad=peak area while nebulizer gas was turned off (diffu-
sion), Ac=peak area while purging the filled capillary, and Ve=the
calculated volume of the capillary.

Finally, requirement 4 (see earlier: preserving the separation of
CE at the interface) is achieved by a low-volume spray chamber.
An advantageous design for immediate peak response is given

x Ve calculates the net



174 Bernhard Michalke

when the chamber volume is minimal and spray direction is in
direct line to the ICP entrance. Mostly such spray chamber designs
are laboratory constructed.

Based on the earlier designs and rules for an interface the fol-
lowing two short sections give hints for Se and Mn speciation in
biological samples.

4 Examples of Applications for CE Interfacing to ICP-MS

4.1 Selenium
Speciation

4.1.1 Analytes

4.1.2 Samples

4.1.3 Capillary
Electrophoresis
(CE)-ICP-DRC-MS

4.1.4 Parameter
for Inductively Coupled
Plasma Mass Spectrometry

4.1.5 Data Processing

The chemical list consists of certified selenium stock standard
(1000 mg/L, CPI, Santa Rosa, USA). Selenite, selenate, Seleno-
methionine, Selenocystine, Thioredoxinreductase (EC 1.8.1.9.),
Glutathioneperoxidase (EC 232-749-6), human serum albumin
(HSA), and TRIS buffer (Sigma-Aldrich, Deisenhofen, Germany).
Ammonium acetate and acetic acid (Merck, Darmstadt, Germany).
Ary, and methane (99.999% purity, Air Liquide, Grobenzell,
Germany).

Serum (and CSF if required) sample pairs should be drawn at a
medical station or hospital. After ethical aspects are cleared and
patients consented to the use of their samples for scientific investi-
gations, the previously aliquoted, frozen-stored samples can be
used for Se speciation. The samples should be thawed at 4 °C in
the refrigerator, vortexed (and only for serum samples: diluted 1,/5
with Milli-Q water), and subjected to sample vials of the CE device.

Working standards of Mnf species should be prepared daily
from their stock standard solutions by appropriate dilution with
Milli-Q water.

“Biofocus 3000” (Bio-Rad, Munich, Germany) or PrinCe CEC
760 (Prince Technologies, Emmen, Netherlands) capillary elec-
trophoresis system, equipped with an uncoated capillary
(CS-Chromatographie Service GmbH, Langerwehe, Germany)
120 cm x50 pm ID. Hyphenation is detailed earlier in this chapter.
Analytical preparation: Before each run, purge the capillary with
NHj-acetate /acetic acid buffer, 10 mM, pH 3.0 (70 s, 8 bar).

Pressurized sample injection for 2 s, followed from 1 s bufter
injection. The separation voltage is set to +25 kV. Sheath flow
(diluted running buffer 1,/25) around outlet electrode and capil-
lary end: 80 pL/min

Table 1 shows typical experimental settings chosen for ICP-
DRC-MS after optimization.

Export Se data files from the NexlIon software and process the files
with a suitable chromatography software, e.g., “Clarity” from Data
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Table 1

Typical experimental settings for ICP-DRC-MS regarding Se speciation
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Instrument Perkin EImer Nexlon DRC
Plasma conditions

RF power (W) 1250

Plasma gas flow (L/min) 15

Auxiliary gas flow (L/min) 1.05

Nebulizer gas flow (L/min)

Nebulizer (optimal flow rate according to

0.98 Daily optimized
Meinhard low flow (100 pL/min)

provider)

Mass spectrometer settings

Dwell time (ms) 100
Sweeps per reading 1
Readings per replicate 1600
Autolens On

Tons monitored 78Se, 89Se
Reaction gas CH,
Reaction gas flow rate (mL/min) 0.6
Rejection parameter g 0.6
Rejection parameter o 0

4.2 Manganese
Speciation

4.2.1 Analytes

Apex for peak area integration. Peak areas can be used for the
calibration curve (standards) or for calculating the concentration
according to the calibration curve (samples).

An example of separation is given in Fig. 2.

The chemical list consists of certified manganese stock standard
(1000 mg/L, CPI, Santa Rosa, USA). MnCl,, human serum albu-
min (HSA), transferrin, a2-macroglobuline, arginase, citrate, and
TRIS buffer (Sigma-Aldrich, Deisenhofen, Germany). Ammonium
acetate, sodium acetate, and acetic acid (Merck, Darmstadt,
Germany). Ary, and methane (99.999% purity, Air Liquide,
Grobenzell, Germany).

Mn—citrate stock solution: mixing a solution of 1 g/L citrate
with a MnCl, solution (5 mg/L) using a ratio of 4 + 1 (v:v), resulting
in a Mn-citrate stock concentration of 1 mg Mn/L. Mn-albumin
and Mn-transferrin stock solutions: in analogy by mixing 1 g/L pro-
tein solution with 5 mg/L MnCl, solution (4 + 1, each), resulting in
1 mg Mn/L for each compound. Working solutions should be pre-
pared daily by appropriate dilution with Tris-HCI, 10 mM, pH 7 4.
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4.2.2 Samples

4.2.3 Capillary
Electrophoresis
(CE)-ICP-DRC-MS

cerebrospinal fluid
3500 -

3000 4

GPx
2500 4

TrxR
2000 4

73Se, cps

1500 4
u2

1000 -4

500 4

0 5 10 15 20 25

minutes

Fig. 2 This figure shows an electropherogram of Se species from a cerebrospinal
fluid sample monitored at the isotope 7®Se. Se compounds u1 and u2 showed no
standard match and were not identified. GPx glutathione peroxidase, TrxR thiore-
doxin reductase

Serum (and CSF if required) sample pairs, should be drawn at a
medical station or hospital. After ethical aspects are cleared and
patients consented to the use of their samples for scientific investi-
gations, the previously aliquoted, frozen-stored samples can be
used for Mn speciation. The samples should be thawed at 4 °C in
the refrigerator, vortexed (and only for serum samples: diluted 1,/5
with Milli-Q water), and subjected to sample vials of the CE device.

Working standards of Se species should be prepared daily from
their stock standard solutions by appropriate dilution with Milli-Q
water.

“Biofocus 3000” (Bio-Rad, Munich, Germany) or PrinCe CEC
760 (Prince Technologies, Emmen, Netherlands) capillary electro-
phoresis  system, equipped with an uncoated capillary
(CS-Chromatographie Service GmbH, Langerwehe, Germany)
120 cm x50 pm ID. Hyphenation is detailed earlier in this chapter.
Analytical preparation: Before each run, the capillary should be
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4.2.4 Parameter
for Inductively Coupled
Plasma Mass Spectrometry

4.2.5 Data Processing

Table 2

purged with Milli-Q H,O (180 s, 8 bar) and TRIS (10 mM,
adjusted to pH 8.0 with HAc) buffer=background electrolyte
(“BE,” 180 s, 8 bar).

For sample stacking a buffer sandwich gets injected consisting of
160 nL Na-acetate (200 mM, high conductivity), acting as leading
electrolyte (LE), 60 nL sample, and 235 nL terminating electrolyte
(TE), consisting of BE/H,0O (1:100; low conductivity). The inlet
vial gets filled with BE adjusted to pH 6, the sheath flow at capillary
end is BE/methanol (1:1). The applied voltage is set to +28 kV.

Table 2 shows typical experimental settings chosen for ICP-
DRC-MS after optimization.

Export Mn data files from the Nexlon software and process the
files with a suitable chromatography software, ¢.g., “Clarity” from

Typical experimental settings for ICP-DRC-MS regarding Mn speciation

Instrument Perkin Elmer Nexlon DRC,

Plasma conditions

RF power (W) 1250

Plasma gas flow (L/min) 15

Auxiliary gas flow (L/min) 1.05

Nebulizer gas flow (L/min) 1.02 Daily optimized

Nebulizer (optimal flow rate according to MicroMist low flow (50 pL/min)
provider)

Mass spectrometer settings

Dwell time (ms) 100

Sweeps per reading 1

Readings per replicate 1000

Autolens On

Tons monitored %Mn, *SFe

Reaction gas NH;

Reaction gas flow rate (mL/min) 0.58

Rejection parameter g 0.45

Rejection parameter 2 0
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cerebrospinal fluid

3000 -
Mn-c
Mn-f
2500 - Mo-Tt
Mn-m | | @2m
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§ I 1 Mn-i
21500 - \ l
=
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1\ 1

=
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Fig. 3 This figure shows an electropherogram of Mn species from a cerebrospi-
nal fluid sample monitored at the isotope **Mn. Mn species concentrations are
rather low and noise of baseline is already clearly monitored. Mn compounds u
and u2 showed no standard match and were not identified. Mn-m = Mn-malate,
Mn-f=Mn-fumarate, Mn-Tf = Mn carrying transferrin, a2m = a-2-macroglobulin,
Mn-c = Mn-citrate, Mn-i =inorganic Mn

Data Apex for peak area integration. Peak areas can be used for the
calibration curve (standards) or for calculating the concentration
according to the calibration curve (samples).

An example of separation is given in Fig. 3.
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Chapter 11

Use of CE to Analyze Solutes in Pico- and Nano-Liter
Samples from Plant Cells and Rhizosphere

A. Deri Tomos

Abstract

This chapter describes the use of capillary electrophoresis (CE) in the accurate quantitative mapping of
small molecules and ions in intact function tissues between individual cells at single cell resolution. It can
also be used for the analysis of the heterogeneity of soil surrounding roots at similar spatial resolution,
providing a link between plant and environment. No pretreatment or genetic manipulation of the plant is
required. The application is an extension of the Single Cell Sampling and Analysis technique (SiCSA), in
which glass micromanipulation of microcapillaries allows samples in the pl and nl volume range to be
obtained and manipulated under paraffin oil (to prevent evaporation) before being introduced to the CE
column. An advantage of this approach is that the entire sample can be brought to the detector (without
the loading losses associated with other techniques). The power of SICSA-CE is that the results can be
directly related to a range of other single-cell resolution parameters ranging from mechanical and hydraulic
properties to gene expression. Several protocols and (contrasting) applications are provided.

Key words Capillary electrophoresis, Single cell sampling and analysis, Rhizosphere

1 Introduction

The functional heterogeneity of cells plays essential roles in all
except the very simplest multicellular life forms. Analysis of aver-
aged behavior from homogenized tissue cannot provide full mecha-
nistic descriptions. In extreme cases, an “average” value for a
parameter may not exist anywhere in the system. This chapter
describes the use of Capillary Electrophoresis (CE) as part of an
integrated suite of techniques based on the use of glass microcapil-
laries to sample the contents of individual living cells of plants grow-
ing under fully physiological conditions [1—4]. Crucially, no
pretreatment or genetic manipulation of tissue is required. In addi-
tion, it permits cross correlation with mutually relevant information
(such as cell mechanical and hydraulic properties, turgor pressure,
osmotic pressure, individual solute concentrations, enzyme activity,
and gene expression); thus opening the door for improved systems

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_11, © Springer Science+Business Media New York 2016
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biology approaches. An example of this integration would be the
quantitative correlation of turgor, osmotic pressure, and the sum of
concentrations of the individual solutes. In this case biochemical
processes that act essentially on the metabolism or transport of an
individual solute can be correlated to the mechanical behavior of an
organ at the level of its smallest functional unit (the cell). The over-
all suite of techniques has been called Single Cell Sampling and
Analysis (SiCSA) [1, 2]. This has been applied to samples down to
approximately 1pl volume [5]. Recently, it has also been extended
to the analysis of functional heterogeneity in the rhizosphere—the
soil-root interface important for the understanding of plant-soil
interactions in agriculture and environmental services [6]. Due to
the wide range of CE protocols illustrated by this volume and else-
where [7, 8], the technique has the potential to replace several of
the key SiCSA protocols, such as EDX and enzyme-linked fluores-
cent assays [4, 9] as well as opening up new approaches [10].

The challenges of single-cell analysis of small molecules are
twofold. First, accessing an undisturbed sample. This is not an
issue it individual cells are already available. This can be the case for
bacteria and animal tissue cultures for which microfluidic and other
techniques have been developed in recent years [11]. Disrupting
integral tissues, however, is another matter. The redistribution of
small molecules (including water) is very rapid when then micro-
environment of cells is altered. This is exacerbated when tissues are
damaged (such as occurs during cell separation and in all but the
most sophisticated freezing procedures [12]). Techniques that
minimize disturbance and the time for sample isolation are needed.
Metabolic changes after sample isolation also must be avoided.

A disadvantage of the microcapillary sampling approach as
described later is that it does not distinguish subcellular compart-
ments. Although the sample will be dominated by the vacuole,
cytosolic material must also be present since quantitative measure-
ments of mRNA, not found in vacuoles, are possible [ 3]. However,
chloroplasts do not enter the capillary tip and there is total exclu-
sion of extracellular (apoplast) material.

Second, the volume of a single cell is usually small (pl to nl
range). This demands very sensitive analytical techniques. However,
to our advantage, often the solutes of interest are at relatively high
concentrations (LM and mM) and being able to bring the entire
sample to the detector of the analytical system minimizes this prob-
lem. Many plant cells have relatively high turgor pressures and
volumetric elastic moduli [13]. This combination favors the use of
glass microcapillaries to obtain samples from accessible cells within
a fraction of a second. Rapid removal of the capillary from the cell
then minimizes dilution due to osmotic flow of water [14]. Finally,
solvent evaporation if the small sample volume exposed to air is
avoided by performing all subsequent manipulations under water-
saturated paraffin oil.
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2 Materials and Equipment

2.1 Chemicals 1.

2.2 Equipment 1.
2. Cold light source (Cole-Parmer 41723 series).

. Micromanipulator (Leitz) fitted with clamp for microcapillary

2.2.1 Sampling

All chemicals were obtained from Sigma-Aldrich UK, with the
exception of low viscosity silicone oil AS4 (Wacker Chemie).

. All solutions were made using purified water (18MQ) (Elga

UHQ), which was also used for all necessary washing
procedures.

Stereo microscope (Leitz Wild M8).

(Fig. 1b).

. Pipette puller (Harvard Apparatus UK) (A current equivalent

is the PC-10 Narishige).

. Microforge (e.g., de Fonbrune). (A current equivalent is the

ME-900 Narishige).

. Borosilicate glass capillaries (1 mm o.d. Clarke Electromedical

Instruments).

. Appropriate sample holder (generally machined Perspex to

suite subject) mounted on a standard mechanical micromanip-
ulator (Harvard Apparatus UK). (See Fig. 1 for examples.)

. A rigid metal base plate (e.g., Leitz or custom built) to which
items 1, 3, and 7 can be firmly bolted to avoid relative
movement.

Fig. 1 Sampling and transfer of sample to CE analysis procedure. (a) Typical holder for a monocot leaf (hydro-
ponic daffodil). (b) Wheat root microcosm (for rhizosphere) (for left-handed worker). The sample is transferred
to the “oil well” (1) by raising the capillary, moving the well to the previous position of the soil or cell and lower-
ing the capillary into the paraffin oil. The clamped capillary has been filled with silicone oil and attached to a
plastic tube (2) leading to the branched pneumatic system described in Subheading 2.2.2, item 2. Scale: Glass

capillary is 1 mm o.d.
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. Before mounting on the micromanipulator, the capillaries were

filled with low viscosity silicone oil (water saturated) perfused
into the microcapillary through a precision pipette needle
(e.g., SGE type 100 replacement needle) mounted on a glass
(see Note 1) syringe barrel (Hawksley, West Sussex, UK).

Watchmakers tweezers (Dumont Type 7. TAAB) for fine man-
ual manipulation.

Glass cutting knife (Sigma Aldrich) to trim capillaries to appro-
priate length.

The custom-built “oil well” (Figs. 1b and 4a) is the starting point
of the CE analysis. A plastic or aluminum ring (a slice from a suit-
able tube) is attached with oil-resistant epoxy resin (Araldite) to
a standard 76 x 26 mm microscope slide. A transparent reference
grid (10 mm square) made by reduction photocopying of a suit-
able pattern onto overhead projector film (Lyreco) is attached
with clear adhesive tape to the underside of the slide to enable
identification of droplets (Figs. 4a and 5) (se¢ Note 1).

. A pneumatic manipulation system consisting of a 50 ml plastic

syringe barrel attached to the open end of the glass capillary
(or pipette) via a plastic tube (1 mmi.d.) (Fig. 1b). A side arm
vent to the atmosphere was regulated using a solenoid “pinch
valve” (constructed from a push 24VDC solenoid (part no
307-3405 RS Components Ltd, UK) pressing on a soft section
of the side arm) activated by a foot pump (part no 316-901;
RS). Pipette pressure is altered using the syringe and can be
“instantly” returned to atmospheric by releasing the solenoid
[9] (see Note 2).

. Freshly pulled capillaries have a tip diameter of approximately

0.1 pm. For the SiCSA techniques, this needs to be widened to
between 1 and 2 pum. To open the tip aperture, a new capillary
is trimmed by gently lowering it onto the surface of the micro-
forge heating element until a visible displacement (<5 pm) is
seen (Fig. 2a) (see Note 3).

. Constriction pipettes are constructed by brief melting of a side

of a capillary at the required distance from the tip (Fig. 2b).

Safety note. The CE apparatus is custom built and includes a
very high voltage circuit. Ensure that it is regularly checked for
Health & Safety requirements and serviced by the appropriate
members of the Institution. Always adjust the current limiter
setting on the power supply to a level just above the running
current (see Note 4).

. Earthed metal housing with door linked to power cut off on

power supply (item 4). [ A stripped-down microwave oven cas-
ing (Fig. 3) can play this role.]
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Fig. 2 Preparing microcapillary tips and constriction pipettes. (a) To open the tip aperture, a new capillary is
trimmed by gently lowering it onto the surface of the microforge heating element (1) until a visible displace-
ment (<5 pm) is seen. (b) Forging the constriction. A large volume (nl range) pipette is shown. Scale: Heating
element (a) approx 40 um diameter

Fig. 3 A typical SiCSA-CE configuration. The high voltage electrode housing
(detail Fig. 4b) is housed in an earthed metal box with a safety latch door (1)
linked to the cutoff terminal on the high voltage power supply (2). The earth
electrode and buffer (3; also detail in Fig. 4a) is mounted on a micromanipulator
to allow smooth replacement of the “oil well” by the buffer. The CE column is
moved up and down manually during this process through a plastic sleeve (4; a
1 ml Gilson tip is illustrated). Light pneumatic pressure and suction is applied to
the column using a 50 ml syringe (5) attached to a three way tap (6), the other
two exits of which are attached to the live electrode housing (Fig. 4b) and an air
pump (suction) (not shown). The CE column passes through the CE cell of a
spectrophotometer (7) where the polyamide coating (for 5 mm) has been
removed to allow light transmittance

3. Earth electrode and buffer mounted alongside “oil well” stor-
age system (Fig. 4a) on micromanipulator (Fig. 3).

4. “Live” platinum electrode and bufter (Fig. 4b) linked to air (suc-
tion) pump (KNF, Freiburg. NO35AN.18 IP20) and to a manual
pneumatic system (Fig. 3) (after [15]). (In the housing (item 2).)
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Fig. 4 A typical SiCSA-CE configuration (details). (@) Loading. The samples are
drawn into the CE column (1; see detail Fig. 5) from the “oil well” (2), before raising
the column, moving the buffer and earth electrode (3) into the previous position of
the “oil well” and lowering the column. (This second position is shown.) (See Note
5). (b) Live electrode housing. The buffer (see Note 6) is contained in a 20 ml scin-
tillation vial (4), screwed against an O-ring into a vial cap held firmly in a Perspex
block using PTFE pipe-sealing tape (see Note 7). The center of the vial lid has been
cut away to allow access for the live (platinum) electrode (5), the CE column (held
in pace by a section of hplc tube in an hplc ferrule (6); air leakage is minimized by
the use of PTFE tape) and the air exhaust to the pump or pneumatic syringe (7). The
height of the housing can be adjusted to match that of the earth buffer to avoid
siphoning artifacts. The Scale: Knurled hplc ferrule at (6) 12 mm o.d.

5. High voltage power supply (max 30 kV) FUG type HCN-6 M
30000 (Omiran Ltd, Suffolk).

6. UV-VIS spectrometer Lambda 1010 (Bischoft, Leonberg) fit-
ted with a CE cell.

7. Polyimide-coated fused-silica capillaries; 50 pm id; 365 pm
o.d. (Composite Metal Services Ltd, Shipley). Length
60-100 cm (cut with glass-cutting knife) from which the polyimide
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coating had been burnt away (using a cigarette lighter) at the
ends (5 mm; Figs. 4a and 5) and to make a “window” (5 mm)
within the spectrometer. (The window was occasionally cleaned
with isopropanol.)

8. Stereo microscope (Leitz Wild M8; or M3Z for higher magni-
fication (Fig. 3)) equipped with an eye-piece graticule.

9. Data acquisition software; Clarity Lite by Data Apex (Spectro
Service Ltd).

10. CE Buffers: For anions: 2.5 mM pyromellitic acid, 15 mM
Tris, and 1 mM DoTAOH (prepared from DoTAB by ion
exchange) pH 8.1 [15] [254 nm—indirect] Positive polarity.
Internal standard Na Molybdate.

For cations: 5 mM Imidazolesulfate, 2 mM 18-crown-6,
pH 4.5 [15] [214 nm—indirect] Negative polarity. Internal
standard CsCl.

For sugars: 6 mM copper(II)sulfate; 500 mM ammonia at
pH 11.6 [16] [245 nm—direct] Negative polarity. Various
internal standards—e.g. glucose.

For uranium (as UO,*): 10 mM Citrate (pH 3.0) [17]
[220 nm—direct] Negative polarity.

Forphenols: 43 mM NaTetraborate, 27 mM KH,Phosphate,
8.5% acetonitrile (pH 9.15) [18] [240 nm—direct] Negative
polarity. Internal standard L-DOPA.

Fig. 5 Loading sample into CE column. The CE capillary (righ) and sample
(arrowed) are illustrated. Using the micromanipulator, the “oil well” is moved to
bring the sample close to the CE column. The pneumatic syringe is used to
extrude a small droplet of buffer (illustrated). The sample is then brought into
contact with this “tongue,” which is then withdrawn back into the column. Scale:
CE column is 360 pm o.d. (without polyimide coat)
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11. Each new capillary was conditioned by sucking (with the air
pump; Fig. 3) 1 M NaOH, water and running buffer each for
20 min from the earth-buffer reservoir. This was also done if
background noise became excessive. Columns were similarly
washed with electrolyte for >3 min after every run (se¢ Note 8).

3 Methods

3.1 Plant Materials

3.1.1 Leaves
and Hydroponic Roots

3.1.2 Roots
and Rhizosphere

Once set up, the apparatus can be used to sample a wide range of
cells. (If given a self-contained power supply, this includes sam-
pling in the field.) Unlike the cell pressure probe by Tomos et al.
[1], it is not essential to prevent all vibration of the sample as leak-
age at the plasma membrane has little influence other than loss of
sample volume. Although the tissue does need to be held suffi-
ciently firmly to allow penetration of the cell wall rather than dis-
placement by the capillary tip. The larger the cell, and the smaller
the elastic modulus will result in the largest sample (see Note 9).

The nature of the experimental system is very variable—but represen-
tative and contrasting examples of suitable subjects are as follows:

Leaf growth can be typified by barley seedings grown (10-20 days)
in potting compost (John Innes No 1) in 7 cm square pots. Using
a soilless hydroponic system, however, allowed easy access to both
leaf [19] and root [20] cells (see Note 10). These were incubated
in a growth chamber (Sanyo Fitotron, SGC066.CPX). Typical
conditions were 16 h light (20 °C), 8 h dark (16 °C), and 75%
humidity. Light intensity was 480 pmol/m? s at leaf level. A typical
leaf holder for sampling is shown in Fig. la.

Lupin albus (inoculated with Rhizobium) or wheat seeds were
planted at the top of microcosms constructed from sheets of
Perspex (of appropriate dimensions) covered with a series of micro-
scope glass slides that could be removed individually to access the
soil and roots. Perspex fillets on either side of the sheet maintained
a 5 mm gap was filled with soil between the Perspex and glass.
Figure 1b illustrates an example for 4-10 days wheat seedlings
where the glass cover consisted of three 76x52 mm glass slides
(Clarity). For older, larger, roots this setup was scaled up and
Perspex sheets replaced the glass. These microcosms were main-
tained at approximately 20% moisture content by periodically
opening and spraying deionized water. They were wrapped in black
plastic film to avoid phototropic effects and algal growth. The
entire package was held together with document clips and placed
at a 30% angle from the vertical, glass side down, to increase the
number of roots accessible for sampling. This was incubated in a
growth chamber as in Subheading 3.1.1.
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In the case of soil phenolic metabolism (Fig. 1b), the entire
microcosm was sprayed with 5-20 mM phenolic solutions (e.g.,
syringic acid). Sampling at times intervals was then initiated within
1 mm of'visible regions of roots (of known distances from the root
tips.) In the case of uranium/organic acid interaction [6], small
(1 mm) corroded fragments of depleted uranium shrapnel (col-
lected from the QinetiQ, Eskmeals, UK site) were placed in the
Lupin microcosm when cluster-root acid efflux was anticipated and
sampling commenced.

Sampling from cells of all types was driven by hydrostatic (turgor)
pressure (generally in the 0.1-1 MPa range [1]) that forced vacu-
olar sap into the capillary as soon as the cell wall was punctured
(Fig. 6a). The capillary was then removed immediately from the
cell (see Note 11) and its contents expelled under the paraffin oil
of the “oil well” to await analysis.

Sampling cells below the surface offers more of a challenge
and individual cases require ingenuity. For example, leaf meso-
phyll and bundle sheath cells were accessed through the stomatal
pore [3, 21]. Other cells can be reached by limited dissection [22]
or careful penetration through overlying cells [20].

Sampling from soil was (generally) driven by the capillary force of
the constriction pipette once the tip came into contact with a depot of
soil moisture (Fig. 6b). (In the case of sandy soil these could be seen
at the contact points between individual sand particles.) Occasionally,
especially if pm-range soil particles are present, the pneumatic control
can be used to apply a degree of suction (<0.1 MPa). By both
approaches the capillary is filled up to the constriction.

The “oil well” is filled with water-saturated paratfin oil. Depot
droplets of standards and water for rinsing capillary tips (typically
approximately 200 nl) are deposited by hand at suitable positions
on the grid, using a 2 pl automatic pipette (Gilson) fitted with a
microloader tip.

Samples from the experimental systems (cells or soil) were
loaded onto the grids as noted earlier. Subsequent manipulation
was achieved by the use of appropriate size (10 pl to 5 nl) con-
striction pipettes (Fig. 6¢) mounted on a micromanipulator and
controlled using the syringe air pump described in
Subheading 2.2.2, item 2. Preparation for quantification of the
target solute was initiated by transferring an aliquot from the
sample to another location on the grid using the constriction
pipette. The pipette was then rinsed in a clean water droplet
before being used to transfer an identical volume of internal stan-
dard, from a standard depot, to the aliquotted sample. The iden-
tical volumes allow subsequent quantification of the analytes
from the known internal standard concentrations without having
to measure the sample volumes [23, 24].
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3.4 CE Analysis of pl
and nl Droplets

Fig. 6 Cell and soil sampling. (@) Lolium temulentum leaf sheath cells and
approaching sampling capillary. (b) Rice root and rhizosphere with sampling
constriction pipette. (¢) Constriction pipette (containing multiple standard sam-
ples of identical volume) and CE column (1) compared. Scale: CE column (A)
365 um o.d. (see Note 17). All three images close to identical magnification

The combined sample /standard droplet was then drawn into the (to-
be-earthed) end of the CE column. This was achieved by manipulat-
ing the “oil well” (rather than the column) until the sample was less
than 100 pm from the column end (Fig. 5). By applying mild pressure
to the (to-be-live) end of the CE column (via the pneumatic side arm;
Figs. 3 and 4) a small droplet of CE buffer emerged from the end
close to the sample (Fig. 5). Further manipulation of the “oil well”
brought the sample into contact with this buffer—and the two mixed.
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Application of mild suction to the CE column drew the projecting
buffer/sample back into the column (see Note 12). The column was
then rapidly and smoothly raised from the oil using a plastic sleeve
(e.g., the 1 ml pipette tip in Fig. 3), and the earth electrode and bufter
moved to its place. The CE column was immediately lowered into the
buffer (Fig. 4a), the CE voltage switched on, and the recording soft-
ware activated. Detection is by direct or indirect UV detection (see
Subheading 2.2.3, item 9) with the signal processed using either
chromatography or CE software (also se¢ Note 13). It was important
to ensure that as little oil as possible enters the CE column during
loading as such contamination can cause artifacts as the droplets pass
the detector—or even block the essential electrical electrophoretic cir-
cuit. By ensuring that the surface of the earth buffer and of the live
buffer was at the same level (Fig. 4b), loss of sample and other artifacts
due to siphoning was reduced to a minimum (se¢ Note 14).

This entire process is made easier by ensuring absolute cleanli-
ness of the floor of the oil well and of the oil, from which all traces
of visible water and dust must be removed. “Oil wells” were
cleaned after use by irrigation with ethanol followed by irrigation
in UHQ water before drying (see Note 15). This resulted in
spherical droplets resting on the well floor (se¢ Note 16).
Measurement of their diameters (se¢ Note 17) allowed a calcula-
tion of approximate volume that could be used to confirm solute
concentrations (but see Note 18).

4 Notes

1. Silicone oil will swell the rubber plunger of plastic syringes mak-
ing them stiff. It also tends to dissolve the printing on the “oil
well” reference grid, which will require regular replacement.

2. With practice, this enables volumes to be handled at pl precision.

3. As the tips block, they can be reopened by gentle abrasion
against a suitable surface of Perspex. It is not recommended,
however, to use tips larger than some 4 pm.

4. The FUG 30000 HCN-6M 30000 has a maximum output of
200 pA. At the initiation of a new buffer system (or if using a
column of significantly different dimensions) set the current lim-
iter to a position just above the expected current. Since the sys-
tem described is not temperature controlled, the current may
drift during a series of runs. The limiter should be set with this in
mind. If the limiter current is exceeded during a run, the voltage
will drop, resulting in a discontinuity of the electrophoresis.

5. It is essential to transfer the column to the buffer smoothly and
quickly. The protocol described can be followed by viewing
through the microscope, which will be focused on the original
position of the sample—and at a suitable position for the earth
end of the CE column.
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10.

11.

12.

. Fresh buffer is required at least once a day. It is impractical to

eliminate all air leakage around the column port as ecasy
replacement of the column is required. Air drawn into the
vial through the sleeve tends to lead to some evaporation of
the buffer resulting in different buffer compositions on either
end of the column. This is a cause of artifacts. Slight degas-
sing of the buffer with minimum surface disturbance is an
indication of sufficient vacuum.

. PTFE tape, rather than adhesive as, with time the cap becomes

worn and can be replaced without constructing the entire
housing.

. The lifetime of columns varies enormously. During training,

several may be needed a day. With practice, a column may last
for many weeks. Some buffer types can be readily replaced
without changing the column. In practice, however, it is best
to make a new column for each new buftfer type.

. Cells with a maximum dimension down to about 20 pm are

accessible with practice. Note that the sample is generally dom-
inated by vacuolar material and will only be a small proportion
(AV) of the entire cell volume (),

AV < Turgor
Vo o«

where ¢ is the volumetric elastic modulus [25].

Soilless systems, although requiring a little more effort to set
up, are very suited to traditional chemistry/biochemistry/
molecular biology laboratories, for which procuring, handling,
and disposing of soil can be a logistical problem. A simple
hydroponic system only requires a beaker and an aquarium
pump to oxygenate the nutrient solution.

This must be removed as quickly as possible (typically <) after
insertion of the capillary to avoid dilution as osmotic water
enters the cell once water potential equilibrium across cell
membranes is lost [14].

This is, in effect, a conventional hydrostatic loading. Bazzanella
etal. [15] promoted this loading step by grinding the column end
to a cone on a grinding wheel. This difficult procedure is not
essential; although a simple ground bevel (as with a hypodermic
needle) facing downwards was found to be a useful compromise
in bringing the column bore closer to the floor of the “well.”
(Generally cutting the capillary with the glasscutter resulted in
such a bevel. Rotating it to the correct orientation requires a bit
of practice and was helped by the use of an adhesive paper label
wrapped around a free section of the column to indicate its orien-
tation without having to determine this under the microscope.)
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A range of other detectors can be added to the custom-built
CE system described here. We have had some initial success
with the relatively inexpensive Argos 250B Mercury-
Xenon-lamp-induced  fluorescence  detector  (Flux
Instruments).

Very occasionally, especially for larger (nl-scale) samples, bring-
ing the bore of the CE column into contact with the sample
droplet led to that droplet entering the column by capillary
action, with no need for pressure manipulation.

Total dryness is essential as residual water droplets can mix
with or be confused with samples and standards.

When droplets were released from the pipettes a little above
the well floor, they will sediment downward to rest on it—dis-
playing a small contact dimple. This is best achieved with the
smallest pipette tip diameters (1 pm). Another “trick” is to use
the manipulator to rapidly pull the pipette away from the drop-
let suspended (by surface tension) at its tip. This generally
releases the droplet, but the resulting turbulence in the oil will
result in the droplet sedimenting to the floor at an unpredict-
able point on the grid.

The very precise o.d. of the CE column is a useful standard
against which to calibrate microscope eyepiece graticules (at
different zoom values).

Each application raises new technical challenges. One of
particular frustration is the difficulty caused by solutes of
low polarity. The use of paraftin oil to prevent evaporation
of the small samples is inappropriate for solutes such as
chlorophenol (of interest to phytoremediation studies)—
which rapidly dissolve out of the aqueous droplet. This
also causes problems for another useful variant of CE—
micellar electrokinetic separation [26]—that involves the
use of detergents such as SDS. This material destabilizes
the discrete aqueous droplets.
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Chapter 12

Analysis of Small lons with Capillary Electrophoresis

Jatinder Singh Aulakh, Ramandeep Kaur, and Ashok Kumar Malik

Abstract

Small inorganic ions are easily separated through capillary electrophoresis because they have a high
charge-to-mass ratio and suffer little from some of the undesired phenomenon affecting higher
molecular weight species like adsorption to the capillary wall, decomposition, and precipitation. This
chapter is focused on the analysis of small ions other than metal ions using capillary electrophoresis.
Methods are described for the determination of ions of nitrogen, phosphorus, sulfur, fluorine, chlo-
rine, bromine, and iodine.

Key words Capillary electrophoresis, Small ions, Nitrogen, Phosphorus, Sulfur, Fluorine, Chlorine,
Bromine, Iodine

1 Introduction

Inorganic ions are important constituent of our nutrition and
environment. As most of them are charged so the methods of
choice in their analysis are capillary electrophoresis (CE). CE is a
versatile technique and allows the analysis of a wide range of these
analytes. It is very economical as it uses very low volumes of sam-
ple and electrolyte. This chapter is focused especially on small
ions other than metal ions which include nitrates, phosphates,
sulfides, halides, etc. Various review articles have been published
focusing the presence of these ions in various environmental,
food, and biological matrices [1-6].

Nitrogen containing ions include ammonium, nitrites, and
nitrates. These are the major components of water entering from
nitrogen-containing fertilizers from the fields, industrial waste,
and products of feces. Nitrites are very harmful to human and
animals as long exposure to them causes severe digestive and
excretory system problems [7]. Nitrates and nitrites have been
analyzed by capillary electrophoresis in seawater and natural
water [8—10], vegetables and meat products [11], rat brain [12],
and neuronal tissue [13].

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
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Phosphorus oxoacids and their salts have wide application in
agriculture, industry, and biological processes. But excess of
phosphate in water causes algal growth resulting in eutrophication.
Phosphates are harmful to us as they cause kidney and bone dis-
eases [14]. So their analysis in the environment is very important.
Stover had reviewed CE methods for the analysis of phosphates
with special emphasis on effect of electrolytes on separations and
their applications to real samples [15]. Several excellent reviews
have been published covering the analysis of small phosphorus-
containing compounds in various matrices with CE employing dif-
ferent detection modes [15-18].

Sulfur and its compounds have remarkable use in agriculture
and industries. They play an important role in the human metabo-
lism and environmental cycles. These compounds are interlinked
with oxidation and reduction processes. Some of the forms (e.g.,
H,S) are quite toxic and they interfere with other ions such as metal
ions [19]. So their analysis is very crucial for determining their
potential impact on environment. Anions like sulfide and thiocya-
nate show UV absorbance and thus determined by direct UV detec-
tion [20]. Nonabsorbing anion like sulfates requires chromophoric
compound in the background electrolyte and are detected with
indirect UV detection [21]. Several buffers have been used for the
determination of sulfur anions in various matrices including chro-
mate [20, 22], phthalate [23], naphthalenesulphonates [24 ], pyro-
mellitic acid [25, 26], and p-aminobenzoate [27].

Chlorine is the most widely used chemical for disinfection of
water and wastes. It is also used as bleaching agent in paper and
textile industry. It undergoes oxidation leading to the formation of
anions with various oxidation states such as hypochlorite, chlorite,
chlorate, and perchlorate [28]. These anions are very toxic even in
low concentration so their determination is very important. For
chlorine-containing anions indirect UV detection is the most pop-
ular detection mode. Jones and Jandik [29] have shown the CE
separation of 36 different anions including several chlorine-
containing anions using chromate electrolyte with indirect UV
detection. Wu et al. [30] used 0.4 mM cetyltrimethylammonium
bromide (CTAB) and Pirogov [31] used 2, 4-ionenes as capillary
modifiers for the determination of chlorine-containing anions and
several other anions. Electrochemical detection, i.e., amperomet-
ric, potentiometric, and conductometric detection is an alternative
to optical detection for CE for these ions due to their excellent
sensitivity as compared to the latter [32, 33].

Bromide ion is found in water and metabolic system along
with chloride ion. It readily undergoes oxidation and forms oxi-
dized products and even converted to acids. Bromate found in
water is toxic due to its carcinogenic nature [34]. Bromide ions
show high UV absorbance at 190-200 nm so can be determined
with direct UV detection. Guan et al. [34] used bromide ions as
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internal standard for the detection of nitrite and nitrate employing
tetraborate as carrier electrolyte. This method could be used for
the determination of bromide ions itself. Several anions including
bromide ions have been determined by Song et al. [ 35] using NaCl
buffer. Soga et al. [36] analyzed many UV absorbing anions with
polyethyleneglycol-coated capillary which suppressed electroos-
motic flow [EOF] using 20 mM phosphate buffer. A NaCl-based
low pH bufter (10 mM sodium dithionate and 5 mM acetic acid)
method has been developed by Rantakokko et al. for the determi-
nation of bromide ion in raw and drinking water [37].

Fluoride plays an important role in the prevention of cavities
and hence a major component of toothpastes. The main source of
fluoride emission in the environment is the various chemical pro-
cesses such as metal smelting, aluminum reduction, and phosphate
fertilization production. Excessive fluoride in the environment has
bad effect not only on human health and livestock but also on agri-
culture and ecosystem [38]. Skocir et al. [39] and Shamsi et al. [40]
have qualitatively determined fluoride in the toothpaste. CE method
using CTAB as electroosmotic flow modifier and tungstate as inter-
nal indicator for the fluoride determination has been described by
Wang etal. [41]. Itis difficult to determine fluoride in natural waters
due to complexation of fluoride with metal ions such as iron, cal-
cium, etc., leading to poor detection. But this could be eliminated
by addition of complexing agents like 1,2-cyclohexylenedinitrilo-
tetraacetic acid (CDTA) [42], sodium 1,2-dihydroxybenzene-
3,5-disulfonate (Tiron) [43], or citrate [44].

Iodine is one of the essential microelement needed for the
appropriate functioning of thyroid gland [45]. Iodine nutrition has
great impact on the neurological development. Therefore, deter-
mination of iodide and iodine species is very important in food,
clinical, biological, environmental, and industrial samples [46].
Semenova et al. [47] described a CE-based method for the deter-
mination of iodide with UV detection at 230 nm in various matri-
ces. lodine in sea water has been qualitatively determined by Carou
et al. [48] using mix of 50 mM borate and 1.5 mM sodium chlo-
ride as BGE while Mori et al. [49] used 0.3 M NaCl, 10 mM
Zwittergent-3-14, 50 mM of nonionic surfactant Tween 20, and
5 mM phosphate (pH 7).

2 Material and Equipment

2.1 Analysis

of Ammonium lons
and Metal lons Using
lonic Liquid-Coated
Capillary

The greatly improved resolution of the metal ions can be achieved
by using the ionic-liquid coated capillary in which the EOF is
reversed. The capillary zone electrophoresis (CZE) potential gra-
dient detection (PGD) method coupled with field-amplified sam-
ple injection (FASI) can separate and detect the 11 ions with lower
LOD than the conventional indirect optical detection method and
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2.2 Analysis
of Nitrite and Nitrate
lon [51]

with acceptable reproducibility. A method giving comparison of
normal and coated capillary for the analysis of ammonium ions is

described here [50].

1.

2.

Analytes: Ammonium ions, nickel, lead, alkali, and alkaline
metal ions.

Stock solution preparation: Prepare the stock solution by dis-
solving nitrates of ammonium, alkali and alkaline earth metals,
nickel, and lead ions in distilled water with a concentration of
1 mg/ml. Filter all solutions with 0.20 pm filter and degas in
an ultrasonic bath.

. CE instrumentation and capillary. Prince CE system

(Lauerlabs, The Netherlands) equipped UVIS 200 detector.
For the CE-PGD (Post Gradient Detection) system use an
IA-P1 (CE Resources, Singapore, Republic of Singapore) with
CSW17 software (DataApex, Prague, Czech Republic) for
recording electropherogram. Fused-silica capillaries of 50 pm
1.D.x360 pm O.D. (Polymicro Technologies, Phoenix, AZ,
USA) used.

. CE Buffer: 7.5 mM lactic acid, 0.6 mM 18-crown-6, 12 mM

a-cyclodextrin (a-CD); adjust the pH to 4.0 by 1-hexyl-3-
methylimidazolium hydroxide (HMIM hydroxide).

Direct determination of nitrite and nitrate can be achieved by
high performance capillary electrophoresis (HPCE). Nitrite,
nitrate, and bromide (an internal standard) are well separated in
the optimized buffer 20 mM of tetraborate plus 1.1 mM of cet-
yltrimethylammonium chloride (CTAC) as described in the
method below.

1.

Amnalyte: Nitrite, nitrate, and bromide.

2. Stock solution: Prepare stock solutions of sodium nitrite, sodium

nitrate, sodium bromide (internal standard) in distilled water
having concentration of 1.00 mg/ml.

. Sample: River and tap water

. Sample preparation: River and tap water spiked with nitrite and

nitrate. No pretreatment is required other than filtration
through 0.45 pm membrane.

. CE instrumentation and capillary. CE system consists of

BioFocus 3000 capillary electrophoresis system equipped with
a high-voltage power supply (30 kV) and control software. A
fused-silica capillary with 50 cm total length (45.5 cm to detec-
tor), 50 pm 1.D., and 375 pm O.D.

. CE buffer- 20 mM tetraborate (pH 8.94), 1.1 mM

Cetyltrimethylammonium chloride (CTAC).
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CE with conductivity detection and electrokinetic injection could
be successfully applied for the determination of sulfur-containing
anions as this injection mode is an excellent possibility to avoid
contamination by the matrix and to preconcentrate the analytes via
stacking processes [19].

1. Analytes: Sulfide, sulfate, thiocyanate, thiosulfate, sulfite.

2. Stock Solutions: Prepare standard solutions of sulfur containing
anion from sodium sulfide, sulfate, sulfite, thiosulfate, and
thiocyanate. All the standard solution prepared in triply dis-
tilled water.

3. Sample: Water samples of an open-pit mining lake from depth
of 0.2 to 24 m.

4. Sample preparation: Collect the samples before and after pre-
cipitation of humic acid. Precipitation is done by addition of Fe
(IIT) salts which lead to change in pH from 7.7 to 5.8. Samples
containing humic substance are dark colored and have phenolic
smell but samples after precipitation are light-brown colored
with no significant smell. Filter the samples before analysis.

5. CE instrumentation and Capillary: For UV detection use CE
with variable-wavelength UV detector, 900 series interface
(270 A-HT system, PE applied Biosystems, Germany) and
data acquisition with Turbochrom 4 software. A fused-silica
capillary of 72 cm (50 cm to the detection window)x75 pm
I.D. For conductivity detection, use a Crystal CE system
Model 310 by ATI Unicam (Boston, MA, USA) with Crystal
1000 conductivity detector and capillary (72 cmx 75 pm).

6. CE Buffer: Use two sets of buffer for UV detection (a) 1.5 mM
pyromellitic acid (as a representative of buffer with low mobil-
ity 0.55 cm?/kV s), 10 mM tris (hydroxymethyl) aminometh-
ane (Tris), pH 9.15, (b) 5 mM sodium chromate (as a
representative of buffer with high mobility 0.72 ¢cm?/kV s),
0.5 mM CTAB pH 8.0. For conductivity detection 50 mM
cyclohexylaminoethanesulfonic acid (CHES), 35 mM LiOH,
0.03% Triton X-100 pH 9.2.

CE method for the simultaneous determination of phosphonate,
phosphate, and diphosphate is described below. In the presence of
CH;CN as an auxiliary solvent, the in-capillary complexation of
phosphonate, phosphate, and diphosphate with Mo(VI) formed
anionic polyoxomolybdate complexes: [Hg(PHO3);,Mo0;5045]%,
[(PO4)Mo01,034 %, and [(P,O7)Mo,3054 |+, respectively. The poly-
oxomolybdate anions, which were kinetically stable in the presence
of an excess of Mo(VI), migrated toward the anode at different
electrophoretic mobilities in the capillary [52].

1. Analytes: Phosphonate, phosphate, and diphosphate.
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2.5 Analysis
of Bromide lons

2.6 Analysis
of Chlorine-
Gontaining Anions

2. Stock Solution: Prepare standard solutions of phosphonate,
phosphate, and diphosphate by the direct dissolution of
H,PHO;, NaH,PO,, and Na,P,0,-10H,0, respectively, in
Millipore water. Prepare solutions of Mo (VI) by dissolving
appropriate amounts of Na,MoO,-2H,0.

3. Sample: Tap water.
4. Sample preparation: Spike the tap water with these analytes.

5. CE instrumentation and capillary. CE system equipped with UV
detector and Hitachi Model D-2500 chromato integrator.
Capillary dimensions: 70 cm fused-silica capillary with 75 pm ID.

6. CE buffer: 3.0 mM Mo(VI), 45% v/v CH;CN, 0.05 M malo-
nate buffer (pH 3.0).

Presence of bromide ion influences the formation and disappear-
ance of oxidants and formation of trihalomethanes (THMs) which
have potential cancer risk. Sea water is rich in bromide ion concen-
tration. Industries close to seawater uses seawater as coolant.
Fukushi et al. developed CZE method using tenfold-diluted artifi-
cial seawater as the buffer solution for the determination of bro-
mide ions in seawater. The method is simple, rapid, and possesses
sufficient precision and freedom from the interference of chloride
ion and from differences in salinity [53].

1. Amnalyte: Bromide ion.

2. Stock Solution: Prepare the standard solutions of bromide ion
at a concentration of 100 mg/1 from potassium bromide.

3. Sample: Water sample from sea.

4. Sample preparation: Filter the sea water samples with 0.45 pm
pore size membrane and store in 500 ml polypropylene bottles
in refrigerator.

5. CE instrumentation and capillary. Perkin-Elmer Model 270A
Capillary electrophoretic analyzer used with a UV-Vis absor-
bance detector. A polyimide-coated fused-silica capillary col-
umn with 50 pm 1.D.x375 pm O.D. having total length
54 cm and the effective length 25 cm.

6. CE Buffer: Artificial seawater (tenfold diluted sea water, pH
7). Preparation is described in Note 1.

Chlorine is used as disinfectant in water and waste treatment and as
bleaching agents in the paper industry. In these processes,
numerous chlorine-containing anions are formed with different
oxidation states, such as chloride, chlorite, chlorate, and perchlo-
rate. This method describes the analysis of these ions using CE in
the presence of nitrate and sulfate [54].

1. Analyte: Chloride, perchlorate, hypochlorite, chlorite, and
chlorate anions.
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. Stock Solution: Prepare the stock solution from sodium per-

chlorate, sodium hypochlorite, sodium chlorite, chloride solu-
tion in deionized Milli-Q water with concentration 1000 mg/1
and store in refrigerator.

. Sample: Tap water, swimming pool water, bleaching

preparation.

. Sample preparation: Prepare the samples by spiking the fivefold

diluted tap water, 50-fold diluted swimming pool water, and
200-fold diluted bleaching preparation with chlorine-
containing anions.

. CE instrumentation and capillary. Capillary Ion Analyzer from

Waters equipped with a UV detector, autosampler, hydrostatic
sample injection system, and data acquisition software
Millenium 2010 Chromatography Manager. A fused-silica cap-
illary Accusep 60 cm (52 cm effective length) x75 pm I1.D.

. CE buffer: 4.6 mM sodium chromate (pH 8.0) containing

0.46 mM CIA-PAK OFM Anion BT (used as electroosmatic
flow modifier from Waters).

Monofluorophosphate and fluoride in various brands of toothpaste
can be determined by capillary electrophoresis (CE) with indirect
UV detection as described in the method below [41].

1.

6.

Analyte: Fluoride, monofluorophosphate (MFP), nitrate,
phosphate, sulfate.

. Stock solution: Prepare the stock solution dissolving the appro-

priate amounts of the corresponding sodium salts in deionized
water and making the concentration 1000 pg/ml. These solu-
tions are diluted concentrations as required.

. Sample: Toothpaste
. Sample prepavation: Weigh 1.50 g of toothpaste into a 100 ml

beaker. Then add tungstate internal standard solution (4 ml) and
deionized water (16 ml). Stir the solution and pass a portion of it
through a Sep-Pak C,g cartridge in order to remove the organic
contaminants and filter through 0.45 pm membrane filter.

. CE instrumentation and capillary. Laboratory-built capillary

electrophoresis system, equipped with a power supply, a UV
detector (Lauerlabs, Netherlands), a fused-silica capillary
(52 cm effective lengthx 75 pm 1.D., total length 60 cm).

CE buffer: 10 mM sodium chromate and 0.1 mM CTAB, pH 9.3.

CE technique for single-run determination of iodine and iodide is
described. The method is based on the CE separation of iodine and
iodide species followed by selective in-capillary derivatization of iodine
to iodide with sulfite. The proposed method was applied to the rapid
speciation of iodide and iodine in commercially available antiseptics
such as povidone-iodine and ethanolic iodine solutions [46].
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. Analyte: lodine and iodide.
. Stock Solution: Prepare the iodide stock solution (0.01 M) from

potassium iodide salt. Prepare the standard iodine stock solutions
(about 0.005 M) daily by diluting iodine volumetric standard
solution and standardize it by titration with 0.01 M sodium thio-
sulfate. Obtain the lower concentrations of standard iodine con-
centration by the appropriate dilution of this stock solution. For
stock sulfite solutions (about 0.01 M) dissolve appropriate amount
of Na,SO; in water, and standardized by iodometric titration.

. Sample: Commercially available antiseptics such as povidone-

iodine and ethanolic iodine solutions.

. Sample preparvation: Dilute povidone-iodine and ethanolic

iodine with deionized water.

. CE instrumentation and capillary. CE 2100 apparatus

equipped with a UV detector with wavelength filters (200,
214, 230 and 254 nm). Fused-silica capillary (Polymicro
Technology, Phoenix, AZ, USA) of 75 pm i.d. and 57 cm total
length (50 cm to the detector) used.

. CE buffer: Tris(hydroxymethyl)aminomethane hydrochloride

(Tris—-HCI) pH 8.5.

3 Method

3.1 Analysis
of Ammonium lons

N I S

10.

. Dilute analytes in 50-fold diluted buffer before injection.
. Filter solution with 0.20 pm filter and degas in ultrasonic bath.
. Set the instrument at 8 kV.

. For bare silica capillary perform hydrodynamic injection

50 mbar, 5 s and record the electropherogram (Fig. 1a).

. For ionic liquid (IL) coated capillary coupled with PGT, treat

the fresh capillary as reported in Note 2.

. Rinse the pretreated capillary successively with toluene

(10 min), methanol (10 min) and with deionized water for
30 min.

. Dilute run buffer to 1,/200 and inject into capillary at 50 mbar,

100 s as “water plug” which is removed by EOF during field
amplified sample injection (FASI).

. Then dip the injection end into the sample vial and apply volt-

age of 4 kV to inject sample electrokinetically into the capillary
under positive electric field, injected plug will be pushed out
from the capillary inlet by reversed EOF.

. Record the signals by PGD detector. Signal increases with push-

ing out the plug of low conductivity and introduction of sample.

When the signals reach 90% of the maximum, increase the
voltage to 8 kV till all the analytes are detected.
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Fig. 1 Comparison of electropherograms of bare and IL-coated capillaries: (a) bare silica; (b) IL-coated capil-

lary; buffer: 7.5 mM lactic acid,

0.6 mM 18-crown-6, 12 mM «-CD, adjusted to pH 4.0 by 100 mM HMIM

hydroxide; peaks (concentrations in pg/ml): (1) Cs* (2.5); (2) NH,* (0.1); (3) K* (0.5); (4) Ca2* (0.5); (5) Sr2* (1);
(6) Na* (0.5); (7) Pb2* (5); (8) Mg?* (0.5); (9) Ba?* (2.5); (10) Ni2#(2.5); (11) Li* (0.5); capillary: 40 cm; applied
voltage: 8 kV; injection: 50 mbar, 15 s; detection: PGD ref. [50]

11.

3.2 Analysis 1.

of Nitrite and Nitrate

lons 2
3

Figure 1 shows the comparison of electropherogram for bare
and ionic liquid (IL) coated capillaries.

Wash the capillary with 0.1 M NaOH for 5 min and then rinse
with water.

. Then equilibrate with the electrolyte for 10 min.
. Set the polarity at the injection end of the capillary to

negative.

4. Operate the CE system at 10 kV.

6
7
8
3.3 Analysis 1.
of Sulfur-
Containing Anions 2.

. Inject the sample at high-pressure injection of 48.26 kPa s

(7 psi. s) (which is related to sample volume in the range of
7-10 nl for a 50 cm x50 pm capillary) or electrophoretic injec-
tion of 7.5 kV x5 s.

. Detect the analytes using UV detections at 191, 200, and

214 nm.

. A standard capillary electropherogram for nitrate and nitrite is

shown in Fig. 2

. Apply the method for tap water and river water sample.

Figure 3 shows the separation of nitrate and nitrite in tap water.

Rinse the capillary with 1 mM CTAB for 0.5 min before each
analysis.

Operate the CE system at voltage of -20 kV for UV and -25 kV
for conductivity detection.



206

Jatinder Singh Aulakh et al.

0.0025 : | 191
© o' ' o
8 0.0020 e a ]\
8 0.0015 1 §
= 7 N
S 0.0010 o
< 0.0005 4

0.0000 === e e 21

2.00 3.00 4.00 5.00 6.00 7.00
t (min)

Fig. 2 Electropherogram of nitrite, bromide, and nitrate detected at 191, 200 and
214 nm. The concentrations of nitrite, bromide, and nitrate are 3.12, 4.66 and
3.30 pg/ml, respectively. Sample volumes are injected with 48.26 kPa s (7 p.s.i. s).
The experiment done at 20 °C in a buffer of 20 mM tetraborate (pH 8.94) plus

1.1
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mmol/l CTAC. Injection volume is —7.5 kV x 5 s and run voltage —10 KV ref. [51]
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Fig. 3 Electropherogram of tap water spiked with nitrite. Nitrite, 0.78 pig/ml, and bro-
mide, 4.66 pg/ml are spiked in tap water. Other conditions same as in Fig. 2 ref. [51]

. Inject the sample hydrodynamically for 0.5 s (0.5 p.s.i) for UV

detection and electrokinetic for 12 s 25 m bar for conductivity
detection.

. Detect the analyte using UV detection at 214 and 254 nm and

conductivity detection at 1 pS/cm.

. Prepare the calibration curves for the determination of sulfate

and its anions in real samples.

. Electropherograms showing a comparison of the separation of

sulfur-containing anions and other anions in two different buf-
fer system using UV detection is given in Fig. 4

. Comparison of electropherograms using conductivity detec-

tion obtained at different concentrations of LiOH in the buf-
fer is given in Fig. 5
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Fig. 4 Comparison of background electrolytes for the separation of anions. (a)
1.5 mM pyromellitic acid, 10 mM Tris, pH 9.15 (rinse capillary with 1 mM CTAB)
and (b) 5 mM chromate, 0.5 mM CTAB, pH 8.0. Capillary: 72 cm (effective length
50 cm) x 75 um, voltage: 220 kV, detection: UV 214 nm (@), 254 nm (b), injection:
5 s hydrodynamic 0.5 p.s.i., 10 mg/I standard mixture ref. [19]

8.

Electropherogram for the sulfur-containing anions in water
from an open pit mining lake by conductivity is given in Fig. 6.

. Fill the capillary with running electrolyte consisting of

3.0 mM Mo(VI), 45% v/v CH;CN, and 0.05 M malonate
buffer (pH 3.0).

2. Set voltage at —12 kV and wavelength at 260 nm.

w

B N~

. Inject sample into the capillary by vacuum injection for 4 s.

. In capillary complexation converts anions into [ Hy(PHO3),M

015043]%, [(PO4)M012036]37, and [<P207>MO]3054]47. Three
peaks due the migration of these are obtained in
electropherogram.

. Figure 7 shows an electropherogram for mixture of phospho-

nate, phosphate, and diphosphate. Prepare the calibration
curves for these anions.

. Inject the spiked tap water samples and estimate their concen-

trations by comparison with the calibration graphs.

. Dilute 10 ml of sea water to 100 ml with distilled water.

. Set wavelength at 200 nm, voltage at 11 kV.

. Maintain thermostat at 30 °C.

. Then wash capillary with 0.1 M NaOH and water for 3 min each.
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Fig. 5 Separation of anions using conductivity detection. (@) 50 mM CHES, 20 mM LiOH, 0.03 % Triton X-100,
rinse with 1 mM CTAB. (b) Improved peak resolution by using 35 mM LiOH. Capillary: 72 cm 350 mm, voltage:
225 KV, detection: conductivity 1 uS/cm FS, injection: 12 s, 25 mbar, 10 mg/I anion standard mixture ref. [19]

3.6 Analysis
of Chlorine lons

NeRNe BN BN

N I S

. Fill the capillary with buffer solution (tenfold diluted artificial

sea water, pH 7) by vacuum for 3 min.

. Inject 11 nl of diluted sample into the capillary for 2 s.
. Run the sample at voltage of 11 kV with inlet as cathode.
. Prepare the calibration graph using synthetic standard.

. An electropherogram shown in Fig. 8 shows the analysis of

bromide ion in real water sample.

. Condition CE capillary overnight with water.
. Operate CE system at 20 kV.
. Inject sample hydrostatic 30 s with elevation of 10 cm.

. Auto purge for 2 min and detect at wavelength 254 nm with

UV detector.
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Fig. 6 Determination of sulfur-containing anions in water from an open-pit min-
ing lake by CE conductivity detection (a) before, (b) after precipitation of humic
substances. 50 mM CHES, 35 mM LiOH, 0.03 % Triton X-100, rinse with 1 mM
CTAB. Capillary: 72 cm x 75 pm, voltage: 225 kV, detection: conductivity 1 pS/cm
FS, injection: 6 s, 25 kV, water from 20 m depth ref. [19]

_I_ =Z mAld

e PO,
(b)) PO,

Cadr PEICO, ™

.
1= 1 '3 L= 17
Ti nru.../l T

Fig. 7 An electropherogram containing a mixture of phosphonate, phosphate,
and diphosphate at 5.0x10-5 M each in 0.01 M malonate buffer (pH 3.0).
Running electrolyte: a 3.0 mM Mo(VI)-45% v/v CH;CN-0.05 M malonate buffer
(pH 3.0) solution. (@) [He(PHO3),M015046]*; (b) [(PO)M012056]*; (€) [(P205)
Mo,50s4]*, fused-silica capillary 70 cm with 75 um I.D., 260 nm, —12 kV ref. [52]
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3.7 Analysis
of Fluorine lons

3.8 Analysis
of lodine lons
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Fig. 8 Electropherograms for the separation of bromide, nitrite, and nitrate ions.
(@) Sample, surface seawater from the Port of Amagasaki; (b) sample, tenfold-
diluted artificial seawater containing 6.8 mg/I Br-, 3.0 mg/I NO,~, and 1.0 mg/I NO5™.
(@) Br; (c) NO,; and (d) NOs. Electrolyte: Artificial seawater (tenfold diluted sea
water, pH 7), fused-silica capillary column with 50 um I.D.x 375 um 0.D. having
total length 54 cm and the effective length 25 cm, 200 nm, 30 °C, 11 KV ref. [53]

5. Prepare the calibration curves for the determination of chlo-
ride, chlorite, chlorate, hypochlorite, and perchlorate.

6. Apply the same procedure for analysis of chlorine-containing
anions in bleaching powder, tap water, and swimming pool water.

7. Figure 9 shows an electropherogram obtained from tap water.

1. Before using the capillary pretreat with 0.2 M NaOH for about
half an hour and then rinse with deionized water for 2 min and
the electrolyte for 10 min (see Note 3).

2. To maintain reproducible migration times, flush the capillary
with the running buffer for 2 min.

3. Operate CE at voltage of —15 kV.

4. Perform CE experiment at 20-22 °C and UV wavelength of
254 nm.

5. Inject sample hydrostatic for 25-30 s (10 cm).

6. Electropherogram obtained from standard solution is shown
in Fig. 10. Prepare the calibration curve.

7. Electropherogram obtained from toothpaste under the opti-
mized conditions is given in Fig. 11.

1. Rinse the capillary with 1.0 mol /1 sodium hydroxide and water
for 10 min.

2. Then equilibrate the capillary with carrier electrolyte for
30 min at the beginning of each day.
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Fig. 9 Electropherogram of fivefold diluted tap water spiked with 2 mg/l of each
chlorine containing anions using as electrolyte 4.6 mM sodium chromate of pH
8.0 containing 0.46 mM CIA-PAK OFM Anion BT. Applied voltage: 20 kV (negative
polarity). Indirect detection at 254 nm ref. [54]
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Fig. 10 Typical electropherogram of standard anions. Peaks: (1) chloride; (2) sul-
fate; (3) nitrate; (4) tungstate; (5) monofluoro-phosphate; (6) fluoride; (7) phos-
phate, a fused-silica capillary (52 cm effective length x 75 um 1.D., total length
60 cm), running electrolyte: 10 mM sodium chromate and 0.1 mM CTAB, pH 9.3.
Applied voltage: —15 kV, 20-22 °C, 254 nm ref. [41]

3. Rinse the capillary for 2 min with carrier electrolyte between
all electrophoretic separations.

4. Operate CE at 25 °C and wavelength 214 nm.
5. Inject the sample hydrodynamically for 6 s.

6. Push the sample zone toward the detector side by injection of
large amount of the electrolyte solution 20-100 s.

7. Run CE at voltage of -30 kV.
8. Inject the reagent (sulfite) solution.
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Fig. 11 (a) Electropherogram of toothpaste sample peaks: (2) sulfate; (3) nitrate; (5) monofluorophosphate; (6)
fluoride; (7) phosphate (b) Electropherogram of toothpaste sample spiked with internal standard peaks: (2)
sulfate; (3) nitrate; (4) tungstate; (5) monofluorophosphate; (6) fluoride; (7) phosphate. Other conditions same
as Fig. 10 ref. [41]
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Fig. 12 Electropherogram obtained for a standard I-/1, solution containing common UV
absorbing anions. Injection, 6 s sample, 60 s electrolyte, and 6 s 2x 10~ M Na,S0s;
Electrolyte: 0.02 M tris—HCI, pH 8.5; injection voltage, —30 kV; 214 nm ref. [46]

9. Record the signals.
10. A standard CE electropherogram is depicted in Fig. 12.

11. Apply the same method for the analysis of iodine and iodide in
commercial antiseptic. Figure 13 shows electropherogram
obtained from antiseptic povidone-iodine.
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Fig. 13 Electropherogram of 1:200 diluted povidone-iodine sample. Other condi-
tions same as stated in Fig. 12 ref. [46]

4 Notes

1. Preparation of artificial water: Prepare three groups of mixed

solutions containing various salts. The first group is mixed
solution of sodium chloride and sodium sulfate. The second
group mixed solution of magnesium chloride, calcium chlo-
ride, and strontium chloride. The third group mixed solution
of potassium chloride, sodium hygrogen carbonate, boric acid,
and sodium fluoride. Then mix all the three solutions and filter
through 0.45 pm membrane before use. Composition of sea-
water is given in Table 1.

. Capillary coating: The fresh capillary flushed with 1 M NaOH

for 2 h, followed by deionized water and 1 h of 1 M HCL
Then rinsed with deionized water and methanol for 10 min
consecutively and then flushed with nitrogen gas and heated to
120 °C overnight. In a nitrogen-filled glove box, filter
3-chloropropyl-trimethoxysilane (CPTMS) and introduce into
the capillary by positive pressure. Seal the capillary at both the
ends and keep at 90 °C for 15 h. After that flush with nitrogen
to drive out the CPTMS residue and then rinse with toluene.
At room temperature, dissolve excess imidazole in toluene; fil-
ter the supernatant and introduce into the capillary. Then seal
the capillary sealed and keep at 90 °C for 4 h, afterward rinse
with toluene, dichloromethane progressively and consequently
dry with nitrogen under 70 °C for 1 h. Rinse the capillary with
1-bromohexane for 10 min and then seal and heat under 80 °C

for 10 h.

. Fill the capillary with 0.2 M NaOH overnight in order to

maintain the capillary wall in good condition.
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Table 1
Composition of artificial seawater
Component Concentration (g/1)
NaCl 24.54
MgCl,-6H,0 11.10
Na,SO, 4.09
CaCl, 1.16
KCl 0.69
NaHCO;, 0.20
H;BO; 0.03
SrCL-6H,0 0.04
NaF 0.003
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Chapter 13

Metal lons Analysis with Capillary Zone Electrophoresis

Ashok Kumar Malik, Jatinder Singh Aulakh, and Varinder Kaur

Abstract

Capillary electrophoresis has recently attracted considerable attention as a promising analytical technique
for metal ion separations. Significant advances that open new application areas for capillary electrophoresis
in the analysis of metal species occurred based on various auxiliary separation principles. These are mainly
due to complexation, ion pairing, solvation, and micellization interactions between metal analytes and
electrolyte additives, which alter the separation selectivity in a broad range. Likewise, many separation
studies for metal ions have been concentrated on the use of preelectrophoresis derivatization methodology.
Approaches suitable for manipulation of selectivity for different metal species including metal cations,
metal complexes, metal oxoanions, and organometallic compounds, are discussed, with special attention
paid to the related electrophoretic system variables using illustrative examples.

Key words Capillary zone electrophoresis, Metal ions, Complexing agents, Metal ligand interactions,
Lanthanides, Actinides, Transition metal ions, Speciation

1 Introduction

Previously, most of the electrophoretic methods were applied in
the fields of biochemistry and molecular biology for the separation
and quantification of macromolecules of biological origin and few
applications of electrophoretic techniques were reported for inor-
ganic metal analysis [ 1-4]. Nowadays, CE is considered as a pow-
erful method for inorganic ion separations due to extensive research
in this field. Furthermore, in many cases the methods are known to
be superior to the conventional HPLC methods for ionic multi-
species analysis. Various advantages of using CE over HPLC
include (a) high separation efficiency, (b) low material and sample
consumption, (c) relatively short analysis, (d) low instrumental and
operational cost, and (e) tolerance of complex matrices, as it can be
processed without extensive pre-treatment. Various reviews are
published in the literature to cover different aspects of the inor-
ganic metal analysis [ 1-4]. The reports depicted that complete and
optimized separation of rare earth elements (REEs) in geological
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samples (rock, mineral, or fluids) at trace levels (pg/g or ng/g) by
CE techniques is a challenging analytical problem.

An up-to-date survey of the literature on the analysis of metal
ion and organometallic species is given by Timerbaev and Boyce
et al [14]. A large number of complexing agents have been
employed in the past for the separation as well as to increase the
selectivity and sensitivity for inorganic metal analysis. Among these,
4-(2-pyridylazo)resorcinol, 8-hydroxyquinoline-5-sulfonic acid, and
various polyaminocarboxylic acids such as EDTA, CDTA, and others
have already been examined as important reagents for the CE separa-
tion of metal cations [ 1-33]. Inorganic ligands like chloride and cya-
nide are less applicable as these require more rigid control on
complexation conditions. A brief summary of various organic acids
used as reagents is presented in Table 1. Different parameters affect-
ing the separation of metal ions using CZE involve (a) nature of the
complexing reagent, (b) the concentration of the free ligand, and (¢)
pH of the electrolyte.

2 Materials and Equipment

2.1 Main Group
Elements

2.1.1 Analysis of Alkali
and Alkaline Earth Metal
lon [17]

2.1.2  Determination
of Na*, K*, Mg?* , and Ca?*
by Indirect Detection [18]

1. Analytes: K*, Na*, Ba?*, Li*, Sr**, Mg**, and Ca?* 1000 pg/ml.
Dilute these solutions as desired in the ppm range.

2. Sample: River water, urine, and a solid sample of calcium
carbonate.

3. Sample prepavation: Dilute the water and urine samples with
deionized water and then mix with buffer to ensure that the
differences in ionic strength, conductivity, and pH (between
samples and running buffer) are negligible and peak heights
are in the linear range of the calibration curve. Weigh 0.15 g
calcium carbonate. Add a few drops of the deionized water to
it. Add perchloric acid (60%) (see Note 1) until calcium car-
bonate is completely dissolved. Transfer the sample into a
10 ml volumetric flask and dilute with water as desired.

4. CE instrument and capillary. Capillary electrophoresis system
equipped with a positive power supply (Spellman, Plainview,
NY, USA). Linear UV-Vis 200 detector (linear Instruments
Corp., Reno, NV, USA). Polyimide-coated fused-silica capil-
laries 39.5 cm long I.D. 75 pm (1.D.).

5. CE buffer- 0.8 mM Ethylenediamine-tetra acetic acid disodium

salt (EDTA) as complexing agent, and 10 mM pyridine as carrier
electrolyte and background absorber for indirect UV detection.

1. Analytes: Prepare standard stock solution of Na*, K*, Mg?*,
and Ca?* and further dilute as desired.

2. Sample: Sea water from Drgbak from a depth of 40 m and the

formation water from a oil company. A certified reference
material BCR CRM 399 (Brussels, Belgium).
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Separation parameters for some metal cations with organic acids as the complexing agents

Separation

Cations (number of cations) Separation conditions time (min) Reference

K*, Na*, Mg*?, Li*, lanthanides 4 mM HIBA, 30 mM creatinine (pH 4.8) 5 [6]
(18)

Alkali, alkaline earth, transition 5 mM HIBA, 6.5 mM Waters UVCat-1 2 [7]
metals, lanthanides (19) (pH 4.4)

Alkali, alkaline earth, transition 4.2 mM HIBA, 0.2 mM Triton X-100, 6 mM 10 [8]
metals, lanthanides (26) N, N-dimethylbenzylamine (pH 4.25)

Alkali, alkaline earth, transition 15 mm lactic acid, 5% methanol, 8 mm 7 [9]
metals, lanthanides, Pb?* 4-methylbenzylamine (pH 4.25)
(27)

Alkali, alkaline earth, and 2.5 mM tartaric acid, 20 % methanol, 6 mM 9 [9]
transition metals (12) p-toluidine (pH 4.8)

Alkali, alkaline earth, and 12 mM HIBA, 6 mM imidazole (pH 3.95) <4 [10]
transition metals (14)

Alkali, alkaline earth, transition 11 mm lactic acid-2.6 mM 18-crown-6,8% 6 [11]
metals, Pb?**, NH*, (16) methanol, 7.5 mM 4-methylbenzyl amine

(pH 4.3)

Alkali, alkaline earth, transition 13 mm glycolic acid, 10 mM imidazole (pH 14 [12]
metals, Pb**(17) 4.0)

Alkali, alkaline earth, NH,*, 6 mm glycine-2 mM 18-crown-6, 2% 5 [13]
Mn?*, Cd** (12) methanol, 5 mM 1,1’-diphenylbipyridinium

(pH 6.5)

Alkali, alkaline earth, transition 5 mM lactic acid-0.5 mM 18-crown-6, 5 [14]
metals, Pb?*, NH,* (17) 10 mM imidazole (pH 6.5)

Alkali, alkaline earth, transition 1 mm oxalic acid—100 mM acetic acid (pH 15 [15]

metals, Pb?* (17)

2.84)

3.

4.

Sample preparation: Dilute the samples with 1:1000 with
distilled water.

CE instrument and capillary: A Waters Quanta 4000 capillary
electrophoresis system, equipped with a positive power supply
and fused-silica capillary (60 c¢cm total length, 75 pm L.D.;
Waters AccuSep). The distance of 52 cm from the point of
sample introduction to the detector window. Indirect UV
detection at 185 and 254 nm with a mercury lamp and optical
filters. Use polyethylene vials as containers for the carrier elec-
trolyte and for all the standards and samples.

. CE buffer: The running electrolyte consists of 6.5 mM HIBA

(a-hydroxyisobutyric acid, Fluka, puriss), 5.0 mM UV CAT-1 (for-
methylbenzylamine), 6.2 mM 18-crown-6 (1,4,7,10,13,16-hexa-
oxacyclooctadecane, Merck, for synthesis), and 25% (v/v)
methanol. Maintain the pH of the solution at 4.8.
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2.1.3 Analysis of Alkali
and Alkaline Earth Metals
by lonic Liquid [19]

2.2 Transition Metals

2.2.1 Determination
of Pd(ll) as a Chloro
Complex in the Presence
of Rh(lll), Ru(il), Os(Vi),
and Ir(lll) [20]

2.2.2 Determination
of Cr(lll), Fe(lll), Cu(l),
and Pb(ll) [21]

. Analyte: Li*, K*, Na*, Cs*, Mg?*, Ba?*, Ca?*, and Sr**.

. Sample preparation: Prepare samples by dissolving appropriate

amounts of salts in deionized water and dilute as per the
requirements.

. CE instrumentation and capillary: A P/ACE system 5000 or

2100 (Beckman Coulter, Fullerton, CA, USA) fitted with a
UV detector. A personal computer with the P/ACE 2000
series Control Program (version 2.64F) for data acquisition
and handling. A bare fused silica or a neutral coated polyvinyl-
alcohol capillary having 50 pm ID, and total and effective
lengths of 47 and 40 cm (or 37 and 30 cm), respectively.

. CE buffer: Adjust the pH of the electrolyte equal to 5.8 for

hydroorganic and nonaqueous media. It may be adjusted by
adding choline hydroxide if required.

. Analytes: Pd(II), Rh(I1I), Ru(III), Os(VI), and Ir(III).
2. Sample: see Note 2.
. Sample preparation: (a) Pd(II) stock solution (1.0 mg/ml);

(Dissolve 0.1 g of the Pd metal in aqua-regia, fume the solu-
tion to dryness with hydrochloric acid, and dilute to 100 ml
with 1 M hydrochloric acid. Dilute the standard stock solu-
tion to 10.00 pg/ml with deionized water. Further, dilute
the solution to have a 200-fold stoichiometric excess of Cl-
so that there is complete formation of Pd(II) choloro com-
plex. (b) Prepare Rh(III), Ru(III), Os(III), and Ir(III) stock
solution (100 pg/ml) by dissolving (NH,),-Rh(H,O)Cls,
(NH,4),Ru(H,0)Cl;, (NHy),-OsClg in the presence of 5.0 g
of ascorbic acid as reducing agent for dissolution, and
(NH,4);IrCls-H,O in 20 ml of 6 M HCI and finally diluting
to 100 ml with deionized water.

. CE instrument and capillary. Waters Quanta 4000 CE system

(Millipore Waters, Milford, MA, USA) equipped with negative
power supply. UV detector with Zn lamp and 214 nm optical filter.
Waters AccSep fused-silica capillaries (52.2 cmx75 pm L.D.).

. CE buffer: Prepare carrier electrolyte of 50 mM HCI-KCI

(50 mM CI-; pH: 3.0) containing 0.2 mM cetyltrimethylam-
monium bromide (CTAB) by mixing 50 mM HCI containing
0.2 mM CTAB. Adjust the pH of the solution by adding KOH
solution. Degas the electrolyte and filter through a 0.45 pm
membrane prior to use.

. Analytes: Use 1000 mg/1 CrCl;, FeCl;, CuCl, and Pb(NO;),,

7ZnCl, and AlCl; and EDTA (solid) to prepare dilute metal-
chelate solutions.

. Sample: Waste water from tanning industry.



2.2.3 Determination

of Cu(ll), Fe(lll), Zn(ll), Co(ll),
and Ni(ll) Using
4-(2-Pyridylazo)Resorcinol
(PAR) [22]

2.2.4 Determination

of Heavy Metal lons Using
Polyamidoamine
Dendrimers [23]

[\
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. Sample preparvation: Transter a suitable volume of the unknown

sample into a 100 ml Erlenmeyer flask and adjust the pH of the
solution to 5.5 by adding 15 ml of 0.1 M acetate buffer and
then add 0.2 g of EDTA and boil the mixture for 10 min.
Violet colored [Cr-EDTA]" complex will form. Dilute this
with 0.1 M acetate buffer. Filter the solution through a
0.45 pm filter. Degas and inject directly into the CZE system.

. CE instrument and capillary: Analyte ISCO (Lincoln, NE,

USA) Model 3850 integrated capillary electrophoresis system
equipped with high voltage (up to 30 kV) and reversible polar-
ity. Sample injection can be done by applying a 3.4 kPa vacuum
at the detector end of the capillary. Perform the separation
with unmodified fused-silica capillary column of length
46.5 cm (30.5 cm to the UV detector) and 80 cm (60 ¢cm to
the UV detector) with 50 pm 1.D.

. CE buffer: Prepare standard stock solution of 0.2 M sodium

acetate and acetic acid and dilute it as desired with Millipore
Milli-Q water (18 MQ). Filter all the solutions through a
0.45 pm membrane filter and degas by ultrasound.

. Analytes. Prepare a stock solution of Co(II), Fe(III), Cu(II)

from nitrates and Ni(II) and Zn(II) from sulfates with pH value
1. Prepare stock solution of PAR (Aldrich, USA) of pH 8.5.

. Sample: Tea.
. Sample preparation: Weigh 1.0 g of tea sample into a 200 ml

beaker and add 50 ml HNO;. After 10 min reaction, place the
tea sample on hot plate and evaporate to dryness. Cool the tea
sample, add 25 ml HNOj; and 5 ml HCIO, and heat again to
dryness. Transfer the residue into a 100 ml calibrated flask and
dilute with water. Prepare a blank, by following the same pro-
cedure as discussed earlier.

. CEinstrument and capillary: A CE-L1 capillary Electrophoresis

system (CE Resources Pte Ltd., Singapore) with a SPD-10A
UV-Vis detector of Shimadzu Co. (Kyoto, Japan) operating at
505 nm. Fused-silica capillaries (50 pm I.D.) of 80 cm length
and effective length from the injection end to the detection
window 66 cm (from Polymicro Technologies Phoenix, USA).

. CE buffer: The separation electrolyte consists of

N-tris[ hydroxymethyl Jmethyl-3-aminopropanesulfonic  acid
(TADPS) (Sigma, USA) and mix it with PAR and ion additive to
have a final concentration of 10 mM for TAPS, 0.1 mM for
PAR. Adjust the pH value of 8.5 with NaOH.

. Analytes: 2.5x1073-2.5 mg/l Pb(Il), 1x103-0.5 mg/1

Cu(IT), 5x10-3-2.5 mg/l1 Hg(IT), 5x 107*-0.5 mg/1 Zn(IT),
2.5x10*-0.1 mg/1 Co(II) ions.

. Sample: Water sample, snow sample, and tap water.
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2.2.5 Analysis of Ci?*
and Pb?* as Aminobenzyl-
EDTA (ABEDTA) Complexes
24]

2.2.6 Analysis of Metal
lons as Their
Phenanthroline Complexes
[25]

. Sample preparvation: Collect snow sample from a roadside with

moderate traffic volume and store in a clean screw-capped cen-
trifuge tube at —15 °C. Weigh an aliquot of snow sample and
keep it at room temperature. In the same way, collect rain water
and tap water. Filter all the samples using 0.45 pm filter paper.

. CE instrument and capillary: A DW-P303-1ACDS high volt-

age supply (Dongwen High Tech., Tianjin, China), equipped
with a homemade photometric detector. The light having
maximum emission wavelength at 527 nm focused from the
light-emitting diode (LED, Shifeng Corp., Shenzhen, China)
by two plano-convex lenses on the detection window of the
capillary. A capillary 45.0 cm long (effective length 38.0 cm)
fused-silica capillary for preconcentration and separation.

. CE buffer: Adjust the pH by L-Tryptophan and NaOH at a

pH of 9.25.

. Analytes: 5-60 pg,/ml for Cu?* and 5-25 pg/ml for Pb*.
. Sample: R. Coptidis drug samples.
. Sample preparation: Weigh 0.5 g R. Coptidis drug powder

digested with 65% HNOj;. Dissolve in water and centrifuge.
Mix 0.5 ml of centrifuge with 20 pl of 1.0 mg/ml ABEDTA
and then load into ALO; column. Wash with 10 ml water and
elute with 10 ml of 5 % acetic acid—methanol solution. Vaporize
the elute with water bath and dissolve residue in 0.2 ml water
and keep for injection.

. CE instrument and capillary: A Beckman P/ACETM MDQ

HPCE setup equipped with a 2996 PDA detector.
Electropherograms integrated with 32 Karat Software.
Separations  performed on a  fused-silica  capillary
(57 emx 75 mm i.d., an eftective length of 50 cm).

. CE Buffer: Prepare the running buffer composed of 0.05 mol /1

acetate and 0.5 mmol /I CTAB solution (pH 5.5).

. Analytes: Fe(11), Zn(11), Cu(1I), and Cd(II).
2. Samples: Wine samples.

. Sample preparation: Filter the wine samples through filter

papers to remove the suspended solids. Filter the samples
through 0.45 pm membrane and inject directly without any
other sample treatment. Dilute the sample as per the require-
ment of electrophoretic system.

. CE instrument and capillary: A Beckman P/ACETM MDQ

capillary electrophoresis system (Fullerton, USA) equipped
with a photodiode array detection system. A 32 Karat software
version 5.0 (Beckman) for instrument control, data acquisi-
tion, and data analyses. Uncoated fused-silica capillary (Restek,



2.2.7 Determination

of Metal lons

by 2,6-Pyridinedicarboxylic
Acid (PDC) [26]

2.2.8 Determination

of Au(lll), Cr(vi), Fe(lll,
U0, and Nidll) Using
Bis(salicylaldehyde)
orthophenylenediamine [27]
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USA) (40.0 cm lengthx50 pm 1.D.) and 30.0 cm effective
length. Capillary detection at either selected wavelengths (200,
220, 225, and 254 nm) or in scanning mode (190-600 nm).
The operating temperature should be 25 °C.

. CE Buffer: Prepare the buffer of pH 6 by mixing acetic acid

and acetate solutions in appropriate amount. Prepare
0.2 mol/1 acetate buffer containing 20 % methanol with pH
5.5 as a running buffer.

. Analyte: Ni (1I), Cu(Il), Zn(II), Fe(II), Fe(III), Co(II),

Cd(IT),V(IV), Pb(II), and Mn(II).

. Sample preparation: Prepare stock solutions of metal ions of

1000 ppm of Ni(II), Cu(II), Zn(II), Fe(II), Fe(I1T), Co(II),
Cd(II), V(IV), Pb(II), and Mn(II). Prepare nickel plating and
copper plating solutions and dilute them to 1:20,000 and
1:10,000, respectively.

. CE instrument and capillary: An HP3D CE (Agilent

Technologies, Bracknell, UK), equipped with a negative power
supply. A polyamide-coated, fused-silica capillary coated with
0.5% 2,6-pyridinedicarboxylic acid, 70 cm length with 75 mm
(I.D.) and a distance of 61.5 cm from the point of injection to
the detection window.

. CE buffer: Prepare a mixture of 5 mM PDC and 4 mM tetra-

butylammonium hydroxide at pH 4.0.

. Analyte: Au(111), Cr(VI), Fe(I1I), Fe(II), UO,(1I), and Ni(II).

. Sample: The waste-water samples from the common tannery

treatment plant of tannery complex and goldsmith factories.

. Sample preparation: Prepare 1.37 mM of bis(salicylaldehyde)

orthophenylenediamine solution in a known volume of double-
distilled ethanol. Dissolve appropriate amounts of metal salts
like gold chloride, potassium dichromate, ammonium ferrous
sulfate hexahydrate, ammonium ferric sulfate dodecahydrate,
uranium nitrate, and nickel chloride to make stock standard
solution of 1000 pg/ml. Prepare a working solution of
bis(salicylaldehyde) orthophenylenediamine solution (0.137-
0.685 mM) from stock solution.

. CE instrument and capillary: The CE system consists of

Beckman—Coulter P/ACE MDQ, USA, equipped with photo-
diode array detector, and MDQ 32 Karat software. Uncoated
tused-silica capillaries of 60 cm total length, 54 cm effective
length, and 75 pm (1.D.) maintained at 25 °C.

. CE buffer: Prepare buffer solutions of pH 1-10 at unit inter-

vals by mixing hydrochloric acid (0.1 M) and potassium chlo-
ride (0.1 M) for pH 1-2; acetic acid (0.1 M) and sodium
acetate (0.1 M) for pH 3-6; boric acid (0.1 M) and sodium
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2.2.9 Determination

of Heavy Metals

by 2-(5-Nitro-2-
pyridylazo)-5-(N-propy!-N-
sulphopropyl-amino)phenol
(Nitro-PAPS) [28]

2.3 Rare Earth
Elements

2.3.1 Analysis of Rare
Earth Elements
(Lanthanides) [29]

tetraborate (0.1 M) pH 8-9; sodium bicarbonate and sodium
carbonate for pH 10; citric acid (0.1 M) and sodium oxalate
(0.1 M) tor pH 2-7; phosphoric acid (0.1 M) and sodium
dihydrogen phosphate (0.1 M) for pH 2-7.

. Analyte: Co(11), Cu(1I), Ni(II), Fe(II), and V(V).
2. Sample: Drinking water and wine.

. Sample preparation: Use standard solutions (1000 mg/1) of

metal ions and prepare their aqueous solutions with deionized
water by stepwise dilution. Prepare 1.0x10-* mol/l Nitro-
PAPS solution by dissolving an accurate amount of Nitro-
PAPS in water and store in a dark bottle. Prepare the working
solutions by stepwise dilution.

. CE instrumentation and capillary. A Beckman P/ACE TM

MDQ capillary electrophoresis system (Beckman Instrument,
Fullerton, USA) equipped with a photodiode array detector, a
fused-silica capillary (Beckman) with a total length of 40.2 cm
(30.0 cm eftective length) x50 pm I.D.

. CE buffer: Prepare a mixture of acetate (25 mmol/1) of pH

5.0, phosphate (25 mmol /1) of pH 7.0, or borate (25 mmol /1)
of pH 10.0.

. Analytes: 1000 mg/1 of all lanthanides (La-Lu).
. Sample: Synthetic geochemical standards (SPV-1 and SPV-4).

. Sample preparation: Prepare high purity oxides in deionized

water by mixing the analytes as given in Table 2 and 3. Take
100 pl of each of these metal ions and evaporate and dilute to
500 pl and inject 20 pl of this solution to get the
electropherogram.

. CE instrument and capillary: A Quanta 4000 capillary electro-

phoresis instrument (Waters, Milford, MA, USA) equipped
with positive power supply. Variable wavelength UV detection
system Waters 820 Workstation for collecting electrographic
data. Millennium 2000 software. Fused-silica capillary
(36.5 cm lengthx75 pm I1.D.). The applied voltage was
+30 kV. The UV detection was set at a wavelength of 214 nm
using a zinc lamp. Hydrostatic injection mode is used for ele-
vating the sample at a constant height of 10 cm for 20 s. A
temperature control system was employed for fixing the work-
ing capillary column temperature.

. CE buffer: Prepare 100 mM a-hydroxyisobutyric acid (HIBA)

solution and further dilute to it to 4 mM. UV Cat-1 solution
or clectrolyte modifier (Waters) with a complexing agent
solution of 4 mM HIBA. Adjust the pH of the solutions to
pH 4.4 with dilute acetic acid and filter through a 0.22 pm
membrane filter.
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Chemical composition pattern of the REE synthetic geochemical standards (SPV-1 and SPV-4)

Chemical SPV-1 (mg/ Quantity injected SPV-4 (mg/ Quantity injected

REE symbol ml) (ng) ml) (ng)

Lanthanum La 34.627 138.508 78.525 314.100
Cerium Ce 69.400 277.600 141.029 564.116
Praseodymium Pr 10.784 43.136 14.531 58.124
Neodymium  Nd 42.334 169.336 69.945 279.780
Samarium Sm 9.882 39.528 15.695 62.780
Europium Eu 2.720 10.880 3.524 14.096
Gadolinium Gd 10.251 41.004 11.144 44576
Terbium Tb 21.840 87.360 2.345 9.380
Dysprosium Dy 10.669 42.676 7.267 29.068
Holmium Ho 2.387 9.548 2.000 8.000
Erbium Er 5.706 22.824 4934 19.736
Thulium Tm 1.084 4.336 0.756 3.024
Ytterbium Yb 5.420 21.680 3.708 14.832
Lutetium Lu 1.015 4.060 0.708 2.832

2.3.2 Determination
of Uranium(Vi)

and Transition Metal lons
with 4-(2-thiazolylazo)
resorcinol (TAR) [30]

2.3.3 Separation

of Trivalent Lanthanides
by Complexation

with Humic Acid [31]

. Analytes: Prepare dilute solutions of cobalt, copper, cadmium,

nickel, titanium, and uranium from their stock solutions in
water. Prepare the metal complexes by reacting the appropriate
metal ion with 1 mM TAR solution and use NaOH or HCI to
adjust the pH to 8.3.

. Sample preparation: Filter the solutions through a 2 pm mem-

brane filter and keep them for 5 min before injection.

. CE instrument and capillary: BioFocus 3000 CE system (Bio-

Rad, Hercules, CA, USA) equipped with a 72 cm effective
lengthx 50 pm I.D. fused-silica capillary (Alltech, Deerfield,
IL, USA). Inject the samples hydrostatically into the capillary
for 2 s and perform the separation in the normal polarity mode
at +25 kV. Perform the detection at the cathodic end with a
photodiode array detector functioning in either the single
wavelength (530 nm) or scanning mode (370-600 nm).

. CE buffer: The carrier electrolyte consists of 5 x 103 stock solu-

tion of TAR in 15 mM NaH,P0O,—Na,B,O; bufter, pH 8.3.

. Analyte: Eu, Gd, La.
. Sample prepavation: Prepare samples of 100 pg/l (mixture of

3.29x107 mol/1 Eu and 3.18x10~7 mol/1 Gd) and 6000 pg/1
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Table 3
Reproducibility tests based on six injections of standard solution SPV-1

Chemical Quantity injected Migration time? Peak area® Peak height?

REE symbol (ng) (%) (%) (%)

Lanthanum La 138.508 0.12 0.30 0.18
Cerium Ce 277.600 0.15 0.15 0.21
Praseodymium Pr 43.136 0.12 0.88 0.93
Neodymium Nd 169.336 0.10 0.17 0.74
Samarium Sm 39.528 0.07 1.77 1.20
Europium Eu 10.880 0.14 4.61 2.77
Gadolinium Gd 41.004 0.06 2.63 2.81
Terbium Tb 87.360 0.10 2.64 1.61
Dysprosium Dy 42.676 0.11 1.54 0.48
Holmium Ho 9.548 0.09 3.23 3.93
Erbium Er 22.824 0.14 1.30 1.38
Thulium Tm 4.336 0.18 9.30 5.36
Ytterbium Yb 21.680 0.24 2.12 1.52
Lutetium Lu 4.060 0.30 4.73 7.48

“The numbers refer to the relative standard deviation (RSD) values expressed in %

(mixture of 1.97x107° mol/l Eu and 1.91x107° mol/l1 Gd))
Ln(III), humic acid and 0.01 mol /1 NaClOy in a final volume of
10 ml deionized water. Purify the humic acid from contaminants
such as metal ions and then use it for the preparation of solution.

3. CE instrument and capillary: A P/ACE MDQ, Beckman
Coulter Inc., Brea, CA, USA CE instrument hyphenated to
inductively coupled plasma mass spectrometer (ICP-MS) using
a homemade interface. Fused-silica (Polymicro Technologies)
capillary with physical parameters 74 pm (I.D.), 362 mm
(O.D.) and 80 cm (length).

4. CE buffer: Mix 0.1 mol/1 acetic acid and 0.01 mol/1 sodium
acetate in appropriate volume to make pH 3.7.

2.4 Multielement 1. Analytes: Ag(I), Al(I1I), Ba(II), Bi(III), Ca(1I), Cd(1I), Ce(II),

Analysis Cu(II), Co(1I), Cr(I1I), Fe(II), Fe(I11T), Hg(1I), La(III), Mg(1I),
Mn(II), Mo(V), Ni(II), Pb(II), Pd(II), Sb(III), Sn(IV), Sr(1I),
TI(I), U(VI), V(IV), V(V), W(VI), Zn(1I), Zr(IV).

2. Sample preparation: 5x 1073 M solution of metals in 20 mM
sodium borate.

2.4.1  Multielement
Analysis Using Precapillary
Complexation [32]



2.4.2 Separation
of Metal lons with
EDTA [33]
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3. CE instrument and capillary: Waters Quanta 4000 CE system

(Millipore Waters, Milford, MA, USA) equipped with negative
power supply. Polyimide coated fused-silica capillaries
(Polymicro Technology, Phoenix, AZ, USA) 50 c¢cm in length
with and I.D. 75 pm UV-Vis detector. Condition the new cap-
illaries by rinsing with 0.1 M NaOH for 1, followed by a
20 min rinse with water. Then rinse with 0.005 M NaOH and
then with water to wash the capillary between runs with differ-
ent electrolyte solutions. Also purge the capillary with electro-
lyte solution for 2 min before each run.

. CE buffer: For the metal complexes add 5x10-* M solution of

reagent in 0.01 M sodium tetraborate to give 1 x10-* M CDTA
solution to give a 2.5-fold molar excess in the final solution in
5% ethylene glycol.

. Analyte: Metal atomic absorption standard solutions

(1000 mg/1 of cobalt(Il) in 2 wt% nitric acid, 1028 mg/1 of
calcium(II) in 1.1 wt% HCI, 1017 mg/I of manganese(1I) in
1.1 wt% HCI, and 999 mg/1 of zinc(II) in 1 wt% HCI).

. Sample preparation: EDTA stock solution: Dissolve 0.146 g of

EDTA in 50 ml of purified water in a 100 ml volumetric flask
by dropwise addition of ammonium hydroxide. After dissolu-
tion of solid, make the volume 100 ml with purified water. The
pH of the resulting EDTA solution should be 9.4.

. CE capillary and instrumentation: Agilent 3DCE system inter-

faced with an Agilent 6320 Ion Trap MS system using an
Agilent G1607A ESI interface and controlled with Agilent
Chemstation software. Sheath liquid flow supplied by an
Agilent 1200 pump with a built-in 1:100 flow splitter with
sheath liquid flow rate of 4.5 ml/min. Set nebulizer pressure
to a minimum to provide stable electrospray operation (7.0 psi)
and highest possible separation efficiency. Additional spray
chamber parameters: dry gas flow rate 5.0 1/min, drying gas
temperature 250 °C, electrospray voltage -3.0 kV (end plate
voltage -3.0 kV). Fused-silica capillaries of 75 mm
1.D.x375 mm O.D. (from Polymicro Technologies, Phoenix,
AZ, USA) and a length from the inlet to the ESI interface of
1 m. The temperature of capillary is maintained at 251 °C by a
thermostat and the portion of the capillary that connects the
CE to the ESIMS also at 251 °C. ESI-MS detection with an
Agilent 6320 Ion Trap LC/MS, 6300 Ion Trap Control soft-
ware, and Agilent Pump 1200 Series.

. CE Buffer: Prepare electrolyte stock solutions of 1 M ammo-

nium acetate (pH 7), 10% ammonia, and 0.5 M ammonium
hydrogen carbonate (pH 9.4). Adjust the pH of the ammo-
nium hydrogen carbonate solution with ammonium hydrox-
ide. Prepare these solutions every day by mixing appropriate
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aliquots of the stock solutions of 0.5 M ammonium hydrogen
carbonate and 5 mM EDTA, followed by dilution with puri-
fied water. Filter all the solutions with 0.45 m filters prior to
use. It should be noted that white crystalline EDTA is only
slightly soluble in water. A soluble sodium salt of EDTA is not
an option because sodium ion is known to suppress ionization,
as well as form adducts with charged ions in ESI-MS [20].

3 Methods

3.1  Main Group
Elements

3.1.1 Analysis of Alkali
and Alkaline Earth Metal
lon [17]

3.1.2  Determination
of Na*, K*, Mg?+, and Ca?*
by Indirect Detection [18]

The methods described herein outline the methods for the analysis
of lanthanides, alkali metal ions, and some transition metal ions
using CE. The method involves the complexation with the carrier
electrolytes HIBA, EDTA, and CDTA. The developed reported
methods involve very good separation of all the elements with a
wide range of applications. Any of the particular metal ions can be
analyzed by these methods.

1.
2.

N O\ Ul

Place the sample solution in the sample vial.

Take 0.8 mM EDTA solution containing 10 mM pyridine
solution as running electrolyte. Fig. 1 shows the effect of con-
centration of EDTA on the separation of metal ions.

. Inject the sample solution by hydrostatic injection for 15 s

with 4.0 cm height difference.

. Repeat the injections and prepare the calibration curve up to

1.00 pg/ml. Figure 1 indicates the standard capillary electro-
pherogram for the determination of alkali and alkaline earth
metal ions.

. Apply the method for the determination of magnesium in cal-

cium carbonate sample, river water, and urine. Figure 2 shows
the determination of magnesium in real samples.

. Rinse the capillary with 1 M NaOH for 15 min, followed by

water for 15 min and finally with appropriate electrolyte solu-
tion for 15 min.

. Filter the carrier electrolyte and sample with 0.45 pm filter

prior to analysis.

. Inject the samples into the capillary using 20 s hydrostatic

injection from a height of 9.8 cm.

. Apply a voltage of 20 kV and set the temperature at 13 °C.

. Purge the capillary for 2.0 min between the runs.

. Perform the indirect UV detection at 185 nm.

. Figure 3 shows the standard capillary electropherogram of K-,

Ba*?, Sr?*, Ca?*, Na*, and Mg*? and Figure 4 shows their sepa-
ration in sea water.
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Fig. 1 Effect of concentration of EDTA on the separation of metal ions. Conditions: L = 395 ¢m, Legrective = 300
cm pH = 50; 10 mM pyridine; hydrostatic injection for 15 s with 4.0 cm height difference (a) 0.6 mM EDTA,;
(b) 0.8 mM EDTA; (¢) 1.0 mM EDTA. Peaks 1 = K*, 2 = Na*, 3 = Ba?*, 4 = Li*, 5 = Sr?*, 6 = Mg?* and 7 = Ca?*.
Sample concentration: K*, Na*, Ba?, Li*, Sr>*, Mg?* and Ca®* = 1 g/mL each in deionized water. (From ref. 17)

3.1.3 Analysis of Alkali 1.

and Alkaline Earth Metals
by lonic Liquid [19]

Perform the experiments in cathodic mode (injection at the
anode and the detection near the cathode) with a constant
voltage of 25 kV at 25 °C.

. Inject the samples by applying a pressure injection of 0.5 psi

(3447 Pa) for 10 s.

. Rinse the PVA capillary with water and the running electrolyte

for 10 min each.

. Flush the capillary for 2 min with water followed by running

electrolyte for 2 min after each analysis.

. Rinse the fused-silica capillary with 1 M sodium hydroxide for

30 min followed by water for 15 min to activate the uncoated
surface.

. Condition with a concentrated solution of ionic liquid and the

running electrolyte.

. For nonaqueous capillary electrophoresis, rinse the activated

capillary with methanol for 15 min and then with the separa-
tion medium for 10 min.
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Fig. 2 Electropherograms obtained with some real samples. (a) Calcium carbonate sample, (b) river water,
() urine. Conditions: Ly = 39.5 ¢m, Legrecive = 30.0 cm; pH 5.00; 10 mM pyridine; hydrostatic injection for
15 s with 4.0 cm height difference, 0.8 mM EDTA. Peaks: 1 = K*, 2 = Na*, 3 = Ba**, 4 = Li*, 5 = Sr**, 6 = Mg**,
and 7 = Ca®* (1 pyg/ml each in deionized water)
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Fig. 3 Electropherogram of 70 ppm Na*, 30 ppm Ca?*, 1 ppm Mg 2+, Sr>*, Ba 2+, and K*. Electrolyte: 6.5 mM
HIBA, 5.0 mM UVCAT-1,6.2 mM 18-crown-6 and 25.00 % (v/v) methanol (Ref. 18)



3.2 Transition Metals

3.2.1 Determination
of Pd(ll) as a Chloro
Complex in the Presence
of Rh(lll), Ru(il), Os(Il),
and Ir(lll) [20]

3.2.2 Analysis of Cr(lll),
Fe(lll), Cu(ll), and Pb(ll) [21]
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Fig. 4 Electropherogram of a mixture of seawater and formation water diluted by
a factor of 125. Electrolyte: 6.5 mM HIBA, 5.0 mM UVCAT-I, 6.2 mM 18-crown-6,
and 25.00 % (v/v) methanol (Ref. 18)

8. Inject the sample to get data and repeat the washing of capillary
after each analysis.

9. Figure 5 represents separation of alkali and alkaline earth metals
in aqueous samples.

1. Purge the electrolyte prior to injection of the samples for 3 min
by employing a vacuum of 12-15 psi at the receiving electro-
lyte vial.

2. Inject the samples by gravity at the cathode.
3. Place the detector at 7.25 cm from the receiving electrolyte.

4. Determine the electroosmotic flow p., from the migration
time of formamide.

5. PdCl,* can be separated in the presence of 20 ppm of Ir(I1I),
Os(11I), Rh(IIT) and Ru(IIl), 100 ppm of Cu(IIl), Ni(II),
Fe(Il), and Co(Il) and a large amount of CI-. The cations
Cu(II), Ni(IT), Fe(II), and Co(II) do not influence the deter-
mination of Pd since they travel in the opposite direction to
the cathode and therefore the peaks due to Cu(II), Ni(II),
Fe(II), and Co(II) do not appear in the chromatogram. An
electropherogram for Pd(II) in the presence of other metal
ions is shown in (Fig. 6).

6. The detection limit for PdCI* is 20 ppb for 50 mM KCI-HCI
carrier electrolyte containing 0.2 mM CTAB.

1. Rinse the capillary with de-ionized water for several hours.

2. Equilibrate the capillary with carrier solution for 40 min before
the first run.
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Fig. 5 Separation of alkali and alkaline earth metals in non-aqueous medium in
the presence of phenylcholine NTf, and acetic acid (Ref. 19)
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Fig. 6 Electropherogram for the determination of Pd(ll) in the presence of 20 ppm
each of Ir(Ill), Os(1ll), Rh(lll), and Ru(lll) chloride complexes and 100 ppm each of
Cull), Ni(l), Fe(ll), and Co(ll). Carrier electrolyte, 50 mM HCI-KCI containing
0.2 mM CTAB at pH 3.0 applied voltage 17 kV, untreated fused-silica capillary,
52.2 cmx 75 pm I.D.; applied voltage, 15 kV (Ref. 20)



3.2.3 Determination

of Cull), Fe(lll), Zn(ll), Co(ll)
and Ni(ll) Using
4-(2-Pyridylazo)Resorcinol
(PAR) [22]
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Fig. 7 Electropherogram for a standard metal solutions in excess of EDTA at
—30 kV; 0.1 M acetate and 0.1 mM TTAB in carrier solution; 20 ug/ml of each
metal ions. Peaks 1=N0;~, 2=EDTA; 3=Cu-EDTA, Pb-EDTA, 4=Cr-EDTA;
5=Fe-EDTA (Ref. 21)

10.

8]

. Fill the capillary with carrier solution using a syringe purge.

. Dip both ends into two separate beakers filled with the same

carrier solution.

. Introduce the sample through cathodic or anodic end of the

capillary by vacuum injection.

. Apply a high voltage of -30 kV.
. Figure 7 shows the separation of Cr(III), Fe(I1I), Cu(II), and

Pb(II) as EDTA complexes.

. Prepare the standard calibration curve for these ions and carry

out the analysis.

. The detection limit of the metal complexes is in the range of

6-27 uM.

Figure 8 indicates the capillary electropherogram of waste
water from tannery effluent for the analysis of Cr(III).

. Rinse the capillary with 1 M NaOH for 15 min, followed by

water for 15 min and a 15 min rinse with appropriate electro-
lyte solution.

. Repeat the rinsing procedures after every ten runs.

. Prepare the separation electrolytes daily.
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3.2.4 Determination

of Heavy Metal lons Using
Polyamidoamine (PAMAM)
Dendrimers [23]

0.0004 AU
—

6 10 14 20
Migration time (min)
Fig. 8 Electropherogram of a tannery sample at —30 kV; 0.1 p acetate and
0.1 mM TTAB in carrier solution (pH 5.5). Fused-silica capillary (80 cmx 50 pm
1.D.). Sample preparation: diluted, pH 5.5 M-EDTA formed by boiling for 10 min in
excess of EDTA, filtered, degassed, and injected. Peaks: 1=EDTA; 2=Cr-EDTA,
26.14 pg/ml Cr(lll) (Ref. 21)

4. Prepare the PAR metal chelate complexes by mixing metal ion
solution and 1 mM PAR reagent. Adjust the pH to 9.2 for the
better stability of the complexes.

5. Introduce the samples into the capillary by applying the
pressure.

6. Apply a voltage of 30 kV.

7. Prepare the standard calibration curve for the determination of
these metal ions.

8. Figure 9 indicates the separation of Cu(II), Fe(III), Zn(II),
Co(II) and Ni(II) under the optimum conditions. The detec-
tion limits calculated for Cu(II), Fe(III), Zn(1I), Co(II) and
Ni(II) are 17, 6, 30, 24, and 22 pg/1.

9. Figure 10 indicates the capillary electropherogram of Cui
Ming green tea. The concentration of these metal ions reported
for Cui Ming green tea is Cu(II), Fe(III), Zn(II), Co(II) and
Ni(Il) is 21.8, 74.0, 48.8, and 7.5 mg/kg, respectively.

1. Fill the capillary with running bufter containing PAR. Then,
load a plug of PAMAM solution by 22 ¢m, 20 s, correspond-
ing to 21.52 mm in length.

2. Fill the anodic reservoir with sample solution and apply a posi-
tive voltage (+5 kV) across the capillary to electrokinetically
inject the metal ions.

3. Apply backpressure (-0.6 kPa) at the injection end, generating
aflow o' 0.29 mm/s in order to avoid the solutes migrating far
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Fig. 9 Electropherogram of five metal ions under optimal conditions. The separa-
tion electrolyte, 10 mM TAPS, 0.1 mM PAR, 5 mM TBA, 5 mM TMA, pH value 8.75.
Applied voltage, 30 kV. Sample introduction, pressure 10 s at 0.29 psi (Ref. 22)
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Fig. 10 Determination of metal ions in Cui Ming green tea. Running conditions were the same as Fig. 9 (Ref. 22)

away from the injection end by the cathodic electroosmotic
flow (EOF,0.47 mm/s) while preventing PAR (moving at
-0.25 mm/s) and the metal ion—-PAR (M-PAR) complexes
from moving out of the capillary.

4. At the beginning of the field amplified sampleinjection (FASI),
the introduced metal ions are stacked by forming metal ion—
PAMAM (M-PAMAM) complexes at the sample/PAMAM
boundary. This procedure can be termed sweeping—Dby the

partial-filling PAMAM.

5. It works until after 85+3.4 s, when negatively charged PAR
electrophoretically moving toward the injection end ultimately
reaches the right edge of M-PAMAM zone.
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Fig. 11 Electropherograms of the studied metal ion standard solution (a) 10 mg/I
standard solution without in-line preconcentration, (b) 1 mg/l solution with in-
line preconcentration using optimum conditions (1 = Fe(ll)-phen, 2 = Zn(ll)-phen,
3 = Cu(ll)-phen, 4 = Cd(ll)-phen, 5 = Phen) (Ref. 25)

6. At this moment, another enrichment procedure takes place
(Step ¢). The PAMAM-bound metal ions are released and
simultaneously bound by PAR and stack at the metal ion/PAR
boundary.



3.2.5 Analysis of Cu
and Pb as ABEDTA
Complexes [24]

3.2.6 Analysis of Metal
lons as Their
Phenanthroline
Complexes [25]

10.

11.
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. After injection, fill the anodic reservoir with running buffer,

and apply a separation voltage (+10 kV) across the capillary.

. Add 1.0 ml water solution of Cu-ABEDTA containing 0.05 mg

Cu?* to neutral Al,O; column conditioned with 2 ml methanol
and water, respectively.

. Wash column with 10 ml water and elute with 5 ml 5% acetic

acid—methanol solution.

. Collect the elute and perform detection at 254 nm.

. Remove interfering components in sample by washing with

10 ml of water.

. Pre-treat all the new capillaries in five steps at 20 psi in the

hydrodynamic mode with 0.1 mol /1 HCI for 10 min followed
by water for 5 min.

. Then, treat the capillaries with 0.1 mol/l NaOH for 10 min

under same conditions followed by water for 5 min.

. Equilibrate the capillaries with the running buffer solution for

7 min.

. Rinse the capillary each day with 0.1 mol/1 NaOH for 10 min

and then water for 7 min. Then, equilibrate the capillary with
running buffer for 5 min.

. Precondition the capillary with the running buffer solution for

5 min before each run.

. For in-capillary derivatization, fill the capillary with the run-

ning buffer and then the solution of derivatizing agent
(60 mmol /1 of 1,10-phenanthroline) at 0.2 psi for 2 s.

. Introduce the sample into the capillary with hydrodynamic

injection at 0.5 psi for 60 s.

. Apply the separation voltage of 16 kV through the capillary to

carry out the reaction inside the capillary which moves the
metal ions through 1,10-phenanthroline. Detect the separa-
tion at 225 nm by UV detector.

. After completing the separation, flush capillary with 0.1 mol/I

NaOH for 3 min and wash with water for 2 min.

Figure 11 shows electropherogram of the metals 1 = Fe(II)-
phen, 2 = Zn(II)-phen, 3 = Cu(Il)-phen, 4 = Cd(II)-phen,
5 = Phen) without in-line preconcentration and with in-line
preconcentration.

Electropherograms of some wine samples are shown in
Figure 12.
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Fig. 12 Electropherograms of the studied wine samples under the optimum con-
ditions (a) red grape wine, (b) white grape wine, (c) honey wine, (d) santol/ wine,
and (e) black galingale wine (Ref. 25)

3.2.7 Determination 1. Apply separation voltage of =20 kV.

of Metal 10{75' ' _ 2. Maintain the temperature of the capillary tube during electro-
by ?,6—Pyr/d/ned/carbaxyllc phoresis at 15 °C.

Acid (PDC) [26]

3. Before operation, pretreat the capillary by flushing with an
electrolyte for 4 min.

4. Inject the analyte under a 50 mbar pressure and maintain injec-
tion time as 6 s.

5. Detect the electrophoretic zones at 214 nm with a photodiode
array detector.



3.2.8 Determination
of Au(lll), Cr(Vi), Fe(lll),
Uo.(ll), and Nidli) Using
Bis(salicylaldehyde) [27]

3.2.9 Determination
of Heavy Metals
by 2-(5-Nitro-2-

Pyridylazo)-5-(N-Propyl-N-

Sulphopropyl-Amino)
Phenol (Nitro-PAPS) [28]

3.3 Rare Earth
Elements (REEs)

3.3.1 Analysis of Rare
Earth Elements
Lanthanides [16]
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. Prior to the sample run, regenerate and condition the capillary

with methanol for 1 min, followed by water for 0.5 min, HCI
(0.1 M) for 2 min, water for 0.5 min, sodium hydroxide (1 M) for
2 min, water for 0.5 min, and finally, running buffer for 5 min.

. Before each sample injection, wash the capillary with sodium

hydroxide (0.1 M) for 10 min, water for 2 min, and then equil-
ibrate with background electrolyte for 10 min to ensure the
reproducibility of results.

. Inject the sample by an autosampler with a pressure of 0.5 psi

and record the results.

. Prepare the metal-Nitro-PAPS chelates at the metal to ligand

ratio (M:L) of 1:2 at pH 5.0.

. Wash the capillary with methanol for 5 min, followed by water

for 2 min, 0.1 mol /1 HCl for 5 min, water for 2 min, 0.1 mol/1
NaOH for 5 min, and water for 2 min.

. At the beginning for each day, rinse the capillary with 0.1 mol /I

NaOH and water for 5 min, equilibrate with electrolyte for
20 min.

. In between all electrophoretic separations, automatically rinse

the capillary with 0.1 mol /1 NaOH for 3 min, water for 3 min,
and the electrolyte for 5 min.

. Apply the separation voltage of 15 kV, and maintain tempera-

ture of 25 °C for analyzing samples.

. Switch on the instrument and wait for 20 min.

2. Flush the capillary with deionized water and with working

electrolyte for 10 min.

. Use the hydrostatic mode for injecting the sample in to the

capillary. Immerse the capillary in the sample at a height of
10 ¢cm above the running electrolyte level for 20 s.

. Lower the capillary into the electrolyte and apply the voltage

of +30 kV.

. Figure 13 presents an electropherogram showing partial sepa-

ration of the REEs at 25 °C. These separations are possible in
less than 2 min (~1.6) being a considerably reduced analysis
time. La, Ce, Pr, Nd, Sm, Tb, Dy, and Er are base line sepa-
rated. These elements can be easily detected as these easily
show optimal peak shape. The following problems were
observed: (a) the co-elution of Eu and Gd, (b) tailing problem
in the Ho and Yb peaks, and (c¢) a poor sensitivity of the Tm
and Lu peaks. The linearity response of the individual lan-
thanides is given in Table 4.

. Figure 14 shows the separation of the lanthanides using lactic

and 4-methylbenzylamine at pH 4.3. Europium is not resolved
in the REEs standard mixture.
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I?:(!,gr‘ilty of response for the individual REEs by CE (inferred from calibration curves with 4 data
points)
REE Chemical symbol Quantity injected min.-max (ng)  Correlation coefficients
Lanthanum La 0—415.5 0.9994
Cerium Ce 0-832.8 0.9998
Prascodymium  Pr 0-129.4 0.9998
Neodymium Nd 0-508.0 0.9998
Samarium Sm 0-118.5 0.9972
Europium En 0-32.6 0.9985
Gadolinium Gd 0-123.0 0.9951
Terbium Tb 0-262.1 0.9994
Dysprosium Dy 0-128.0 0.9969
Holmium Ho 0-28.6 0.9946
Erbium Er 0-68.5 0.9996
Thulium Tm 0-13.0 0.8840
Ytterbium Yb 0-65.0 0.9971
Lutetium Lu 0-12.2 0.6561

3.3.2 Determination
of Uranium(Vi)

and Transition Metal lons
with 4-(2-Thiazolylazo)
Resorcinol (TAR) [30]

. Temperature plays an important role in the separation of the

lanthanides. For this study the separations at 35 and at 15 °C
were performed. The separation at 35 °C did not involve the
resolution of Eu and Gd whereas these are completely resolved
at 15 °C (Fig. 15). A slightly longer time about ~1.6 min is
required for the efficient separation of Eu and Gd at 15 °C.

. Rinse the capillary with 15 M Na,B,O; (pH 12) for 30 min,

followed by a 30 min rinse with deionized water.

. Perform all the experiments at 20 °C and make all the runs in

triplicate. Before each run, rinse the capillary for 1 min with
15 M Na,B,O; (pH 12 butffer) followed by a 2 min rinse with
deionized water and finally run buffer for 2 min.

. Use Rhodamine B (Lambda Physik, Bedford, MA, USA) as

the neutral marker to measure the electro-osmotic flow (EOF).

. Inject the TAR-metal complexes into the capillary and carry

out the separation.

. Figure 16 indicates the separation of metal-TAR complexes.
6. The detection limits are found to be 88, 114, 59, 144, 733,

and 1.7 ppm for cobalt, cadmium, nickel, copper, titanium,
and uranium, respectively.



3.3.3 Separation

of Trivalent Lanthanides
by Complexation

with Humic Acid [31]
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Fig. 13 Electropherogram of a typical separation pattern of 14 lanthanides.
Background electrolyte 0.025 mM All in 15 MM citric acid and 20 mM Tris (pH
4.3); temperature 25 °C; separation voltage, —30 kV (30 pA); injection of a stan-
dard solution containing 10 pM of each metal [except 20 mM for Tm(lll), Yb(lll)
and Lu(lll)] in 10 mM HNOs, for other operating details see Ref 29] (Ref. 16)

1. Couple CE with ICP-MS by fitting a fused-silica CE-capillary
into a MicroMist 50 pl nebulizer with a cinnabar cyclonic spray
chamber in the external interface.

. Adjust the gas flow of the nebulizer by the ICP-MS control.

3. Use a makeup (2% HNO3;, 24 nmol/I Ho, flow: 112 pl/min)
fluid including 4 ng/1 Ho as an internal standard within the
interface.

8]

4. Prior to sample injection perform washing and precondition-
ing of capillary with hydrochloric acid, sodium hydroxide,
MilliQ-water, and apply CE buffer.

5. Inject the sample hydrodynamically at a pressure of 10 kPa
for 20 s.

6. During the CE separation, apply a pressure of 20 kPa (to
enforce a migration of the negatively charged species to the
cathode) and a voltage of 30 kV.
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Fig. 14 Separation of some cations and lanthanide elements by co-EQF capillary electrophoresis with indirect
Spectrophotometric detection. The electrolyte was 15 mM lactic acid and 10 mM 4-methylbenzylamine at pH
4.3. Europium was not included in the REE standard mixture (Ref. 16)

3.4 Multielement
Analysis

3.4.1 Muitielement
Analysis Using Precapillary
Complexation [32]

3.4.2 Separation
of Metal lons with EDTA

[33]

. Prepare the electrolyte solution containing 20 mM sodium

borate and 5% ethylene glycol.

. Inject the solution of the metal ions in to the capillary by

hydrostatic injection at 100 mm for 20 s.

. Apply 12.5 kV and record the capillary electropherogram.

4. Separation of the metal complexes with non-modified borate

electrolyte is shown in Figure 17. The carrier electrolyte consists
of 10 mM sodium borate containing 1 mM CDTA (pH 9.0).

. A standard capillary electropherogram is shown in Fig. 18. The

separation of 23 cations is reported under these conditions.

. The detection limits as reported (three times the signal to

noise ratio) range from 1x107 M (Fe(IIl) to 4x10° M
(Ca(II), Hg(IT) and on average are 10-° M.

. Precondition the capillary with 0.1 M sodium hydroxide for

10 min, followed by purified water for 10 min, methanol for
10 min, and finally flush purified water at about 950 mbar.

. Flush the capillary with 10% ammonium hydroxide for 1 min

followed by water for 2 min, and then the buffer solution for
5 min before each electrophoretic run.
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Fig. 15 Electropherogram of typical separation pattern of 14 lanthanides.
Background electrolyte, 4 mM HIBA and 10 mM UV Cat-1 (pH 4.4 with acetic
acid); temperature 15 °C; separation voltage +30 KV; injection of SPV-1 standard
solution ref. [16]
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Fig. 16 Separation of TAR complexes in 15 mM NaH,P0,-Na,B,0,, pH 8.3,
1x10~* TAR (optimum conditions). 1=Co(ll) (5 ppm), 2="free TAR, 3=Cu(ll)
(5 ppm), 4=Cd(ll) (5 ppm), 5=Ni(ll) (2.5 ppm), 6=Ti(ll) (15 ppm), and 7 =U(VI)
(30 ppm) (Ref. 30)
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Fig. 17 Separation of metal complexes with non-modified borate electrolyte.
Carrier electrolyte sodium borate: containing 1 mM CDTA (pH 9.0). Metal ion
concentration: 5x 10-° M Fe(ll), Fe(lll) and 1.0 x 10-* M other metals (Ref. 32)
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Fig. 18 Separation of metal-CDTA complexes using ethylene glycol as an elec-
trolyte additive. Electrolyte: 20 mM sodium borate, 1 mM CDTA and 5 % ethylene
glycol, voltage: 12.5 kV (Ref. 32)
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Fig. 19 A CZE-ESI-MS of (1) Ca?*, (2) Mn?*, and (3) Zn?* with total ion count electropherograms: m/z=320-
360 and mass spectrum of the peaks [BGE: 20 mM ammonium hydrogen carbonate with 4 mM EDTA (pH 9.4);
sample: 20 mg/l of each metal in water (a) and blank or water (b)] (Ref. 33)

3. Inject the sample at 50 mbar or 950 mbar at the inlet end of
the capillary (farthest distance to the detector). For a typical
injection, maintain the pressure at 50 mbar for 5 s and for
sweeping, inject at 50 mbar or 950 mbar at appropriate time
(i.e., up to 300 s).

4. Measure the lengths of samples injected inside the capillary
using the Beckman CE Expert Software.

5. A CZE-ESI-MS of Ca*(1), Mn?*(2), and Zn?*(3) is shown in
Fig. 19.
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4

Notes

1. In order to avoid vigorous or explosive reactions first it must
be ensured that there is no oxidizable matter in the samples
before the addition of perchloric acid.

2. This method is recommended for the analysis of Pd(II) and
Pt(II) as chloro complexes in the metal refining industry and
in the control of waste water from synthetic rubber plants.
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Chapter 14

Bioanalytical Application of Amino Acid Detection
by Capillary Electrophoresis

Daniela Fico, Antonio Pennetta, and Giuseppe E. De Benedetto

Abstract

This chapter illustrates the usefulness of capillary electrophoresis (CE) for the analysis of amino acids, and
both normal and chiral separations are covered. In order to provide a general description of the main
results and challenges in the biomedical field, some relevant applications and reviews on CE of amino acids
are tabulated. Furthermore, some detailed experimental procedures are shown, regarding the CE analysis
of'amino acids in body fluids, in microdialysate, and released upon hydrolysis of proteins. In particular, the
protocols will deal with the following compounds: (1) underivatized aminoacids in blood; (2)
y-Aminobutyric acid, glutamate, and L-Aspartate derivatized with Naphthalene-2,3-dicarboxaldehyde; (3)
hydrolysate from bovine serum albumine derivatized with phenylisothiocyanate. By examining these appli-
cations on real matrices, the capillary electrophoresis efficiency as tool for Amino Acid analysis can be
ascertained.

Key words Capillary zone electrophoresis, Micellar electrokinetic chromatography, Amino acids,
Chiral separations, Bioanalytical applications

Abbreviations

ANDA 7-Amino-1,3-naphthalene disulfonic acid

APC 1-(9-Anthryl)-2-propyl chloroformate

BMIC 1-Butyl-3-methyl imidazolium chloride

BrBQCA 3-(4-Bromobenzoyl)-2-quinoline carboxaldehyde
C4D Capacitively coupled contactless conductivity detection
CAPS 3-Cycloexylamino-1-propanesulfonic acid

CBQCA 3-(4-Carboxy benzoyl) quinoline-2-carboxaldehyde
CcC 2.4,6-Trichloro-1,3,5-triazine

CESE 5-Carboxy-fluorescein succinimidyl ester

CIBQCA 3-(4-Chlorobenzoyl)-2-quinoline carboxaldehyde
DMAB 4-( N, N'-dimethylamino)benzoic acid

Dns 5-(Dimethylamino) naphthelene-1-sulfonyl chloride
DTAF 5-(4 6-Dichloro-s-triazin-2-yl amino) fluorescein
FITC Fluorescein isothiocyanate
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FMAC
FNBDA
GABA
HM-B-CD
HP-B-CD
IAF

MBA
MDMA-B-CD
MDP-$-CDCI
MGA
MHP-B-CD
MMI-B-CDCI
NBD-F

NDA

OPA

PITC

SAMF
THSBE

N-fluorenylmethoxycarbonyl-I-alanyl N-carboxyanhydride
4-Fluoro-7-nitro-2,1,3-benzoxadiazole

y-Amino-n-butyric acid

Heptakis(2,6-di-O-methyl)-p-CD

Hydroxypropyl-f-cyclodextrin

5-Todoacetamidofluoresceine

4-Methylbenzylamine

3-Monodeoxy-3-monoamino-p-CD
Mono-6-deoxy-6-(3R,4R-dihydroxypyrrolidine )-B-cyclodextrin chloride
N-methyl-d-glucamine

Mono-6-deoxy-6-mono(3-hydroxy) propylamino-$-CD
Mono-(3-methylimidazolium)-f-CD chloride
4-Fluoro-7-nitro-2,1,3-benzoxadiazole
Naphthalene-2,3-dicarboxaldehyde

o-Phthaldehyde

Phenyl isothiocyanate

6-Oxy-( N-succinimidyl acetate)-9-(2’-methoxycarbonyl) fluorescein
1,3,5,7-Tetramethyl-8-( N-hydroxy succinimidyl butyric ester) difluoro
boradiaza-S-indacene

1 Introduction

One of the primary goals of biomedical research is the study of
new methods for the early diagnosis of a disease, able to follow its
progression and to evaluate the therapeutic efficacy of a treatment.
Many diseases, however, have a complex and multifactorial behav-
iour and their diagnosis and understanding cannot be based only
on the evaluation of a single molecular marker. Among the whole
small molecules produced by metabolism encompassed in metab-
olomics, amino acids have a key role. The protein “building
blocks” are also essential precursors of important biomolecules
including nucleotides and nucleotide coenzymes such as heme, a
variety of hormones and neurotransmitters; therefore, given the
important role in metabolism, it is possible, by carrying out the
analysis of the amino acid profile, to get useful indications on vari-
ous metabolic processes and the functioning of liver, kidneys,
heart, or immune system. Amino acids differing from basal levels,
in fact, are often symptoms of diseases, as in phenylketonuria and
cystinuria. As a result, amino acids are an important target for the
“metabolic profiling,” being frequently present in biological
matrices and several methods have been developed to identify the
presence and measure the concentration with the aim to perform
screening of various diseases. From the analytic point of view, on
considering that AAs have different behavior (acidic, neutral, or
basic) and many of them lack of a strong chromophore, their
determination is both interesting and intriguing and has been
widely pursued by many authors with the issue of determining
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more amino acids in a single run with lower detection limits.
Another related boosting analytical field is the chiral separation of
amino acids: the structure and symmetry of organic molecules
plays a crucial role in different biochemical processes but many
methods validated for the quantification of amino acids are not
stereoselective. For some time the free amino acids in biological
matrices were typically quantified as the sum of their enantiomers,
because in terrestrial organisms they exist in the form of stereoiso-
mers L. The amino acids of the series D had been identified only
in few peptides, such as those of the cell wall of the bacteria. With
the increased understanding of the biological significance of the
D-amino acids, interest in enantioselective quantification is
increased and more applications of chiral CE to real problems of
biomedical importance find attention.

The wealth of papers continuously published on amino acids
analysis is continuously reviewed and a review of the reviews could
be useful to evidence the peculiar aspects each time tracked.
Presently, it is important to mention the general reviews published
every 2 years in Electrophoresis [1-3].

Aiming at having a general overview, few significant methods,
mainly related to biomedical applications and set up to separate
and detect AAs, have been collected together with the most rele-
vant experimental information in two tables handling normal [4—
66] and enantiomeric [67-94] separations, respectively. Within
each table both capillary zone electrophoresis (CZE) and micellar
electrokinetic chromatography (MEKC) have been described. All
the referred methods also share the properties of being carried out
on simple, commercial instruments, and, as a rule, they could be
transferred on every CE system.

Different matrices, as far as the biomedical applications are
concerned, have been analyzed: physiological fluids like urine,
saliva, or plasma; cells like lymphocyte or erythrocyte; neurotrans-
mitters and different hydrolysates (see column “Matrix” in
Tables 1 and 2). Moreover, the hyphenation of microdialysis with
the CE apparatus deserves attention as it allows both continuous
and in vivo analysis: a fraction of the analytes can diffuse through
the membrane dialysis and depending on them, temperature and
probe characteristics, a definite recovery is attainable and quanti-
tative measurements can be accomplished. Also fast monitoring of
AAs is carried out by hyphenating microdialysis with CE: in par-
ticular if LIF is used as detector, thanks to the high separation
efficiency and low volume sample requirement of CE and the very
low detection limits of LIF detector, the sampling rate has been
increased to levels not attainable by other analytical common
techniques, like HPLC, and short-lasting changes in AAs concen-
tration could be recorded. Moreover, to decrease the overall cost
of the detector, the use of LED sources for fluorescence detectors
is possible [24, 35,90, 91].
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As already pointed out, detection is a general concern, com-
mon to all the different separation schemes. Indeed, nonaromatic
nonderivatized amino acids can only be efficiently detected by
means of indirect methods; upon derivatization instead, the
selected dye/tag determines the appropriate or most useful detec-
tor. Derivatization can be effectively employed to overcome both
the lack of a chromophore on many AAs and the interferences
caused by extraneous compounds in real samples: it results in both
improved detection sensitivity and selectivity. Hence the choice of
a derivatization reagent is of crucial importance and high demands
are therefore put on its properties. Different approaches have been
devised: precapillary and in-capillary. Precapillary derivatization is
time consuming as it requires batch procedures but it is affordable
and widely diffused (see tables). In-capillary (or on-column)
derivatization [24, 63] is classified into either “on-site in-capillary
derivatization” or “throughout in-capillary derivatization.” In the
former the inlet of a separation capillary is used as a reaction cham-
ber and the reaction is performed by introducing an analyte into
the capillary between two plugs of labeling reagent. In the latter,
the separations and derivatizations of analytes are performed simul-
taneously during the electromigration of native analytes in a sepa-
ration capillary tube filled with a run buffer containing a
derivatization reagent.

In the last few years, however, two detection systems have been
acknowledged as valuable: contactless conductivity and above all
mass spectrometry detection. Both allow detection of free amino
acids without derivatization, the former is universal and does not
interact with the analytes or separation system, the latter is expen-
sive but offer great selectivity. MS detection for CE is viewed,
indeed, as more universal than UV or electrochemical detection.
The selectivity and specificity of MS compensate for variations in
migration times of the analytes, provides molecular weight and
structural information. Most important, it adds a second dimen-
sion in separation selectivity for coeluting molecules having differ-
ent fragmentation patterns. This is of great importance in chiral
separation of AAs where this possibility greatly enhances the capa-
bility of the technique [80, 89].

As to the background electrolyte, an impressing variety respect
to the pH (from about 2 up to 12) or the nature (from acetic or
formic acid to borate or phosphate bufters) is found. The electro-
lyte modification with organic, which improves the separation pos-
sibly because of a decrease of EOF, lower solute adsorption to the
capillary and Joule heating, or cyclodextrins is often reported and
specific example can be found in the tables herein.

Chiral separations of amino acids are achieved by using mainly
different and differently derivatizated cyclodextrins and selected
antibiotics like vancomycin. Blends of chiral selector demonstrated
useful in selected applications [84-86] as well. However, application
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of ligand exchange CE, the separation of two enantiomer analytes
due to the difference in complex stability constants of the two ter-
nary diastereomeric mixed complexes formed by a metal ion (often
Zinc or Copper), a chiral selector (one of the L-amino acids), and
the analyte is increasing [67-74].

The protocols described in the following paragraphs represent
different approaches to the AA analysis and all are related to pos-
sible application to biomedical problems.

2 Materials

2.1 Analysis

of the Amino Acid
Standards

and the Blood
Samples

2.2 Capillary
Electrophoresis
Gombined

with Microdialysis:

Analysis of Trace
Amino Acids
Neurotransmitters

1. 48 % Hydrogen fluoride (Merck, Darmstadt, Germany).

2. Background electrolyte (BGE): 1 M formic acid solution:
dilute 1.90 ml of 98-100% Suprapur formic acid (Merck) to
50 ml with water in a volumetric flask. Store at room tempera-
ture (see Note 1).

3. Sheath liquid: 5 mM ammonium acetate (Merck) in metha-
nol /water (50:50, v/v).

4. Preparation of the blood sample: soak a 5 mm diameter blood
spot on filter paper in 100 pl of water for 10 min. Then take a

20 pl aliquot of this solution and dilute to 200 pl with a solu-
tion of acetonitrile /water/formic acid (49.9,/49.9,/0.2;v/v).

5. High performance capillary electrophoresis/mass spectrome-
try system.

6. Uncoated 115 c¢m long, 20 pm i.d., 150 pm o.d. fused silica
capillary (Polymicro Technologies, Inc., Phoenix, AZ).

1. Ringer solution: 140.0 mM NaCl, 4.0 mM KCI, 1.2 mM CaCl,,
1.0 mM MgCl,, 10 mM NaHCO; at pH 7.4 (sec Note 1).

2. Prepare the 1 mM y-Aminobutyric acid (GABA), glutamate
(Glu), and L-Aspartate (L-Asp) (all from Sigma-Aldrich) stan-
dard solutions in 0.1 M hydrogen chloride (prepared from
30% Suprapur hydrogen chloride, Merck) and store at 4 °C.

3. NDA solution: 3.0 mM Naphthalene-2,3-dicarboxaldehyde
(NDA) (Buchs, Switzerland) in acetonitrile (hypergrade
LiChrosolv, Merck)/water 50:50 v /v

4. Borate/NaCN solution: 0.5 M borate buffer pH 9.2 /87 mM
NaCN in water (100:20 v/v).

5. Internal standard: 0.1 mM cysteic acid in 0.1 M hydrogen
chloride.

6. BGE: 75 mM sodium borate, 10 mM hydroxypropyl-f-
cyclodextrin (HP-B-CD), 70 mM sodium dodecyl sulfate
(SDS) buffer (pH 9.20). (Sigma-Aldrich) (see Note 2).
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2.3 Analysis

7. A microdialysis apparatus composed by a microinfusion pump
and a microdialysis probe equipped with a polycarbonate ether
dialysis membrane having a molecular weight cutoff of 20000 D.

8. High performance capillary electrophoresis equipped with a
laser-induced fluorescence detector and Helium Cadmium
laser (8 mW, 442 nm).

9. Uncoated 63 cm long, 50 pm i.d. fused silica capillary
(Polymicro Technologies, Inc.). Effective length 52 cm.

1. Hydrochloric acid solution: 6 M HCI (Suprapur, Merck) con-

of Protein taining 0.5% (w/v) phenol (Merck) (sec Note 1).
Hydrolysates 2. Triethylamine solution: mix 2 ml of 99.5% ethanol, 2 ml of
water, and 1 ml triethylamine.
3. PITC solution: mix 70 pl of 99.5% ethanol, 20 pl of triethyl-
amine, and 10 pl of phenylisothiocyanate (Sigma-Aldrich).
4. Bovine serum albumin (BSA, 607 residues) was obtained from
Sigma-Aldrich.
5. BGE: 29 mM phosphate buffer, pH 7.4, 168.3 mM SDS
(Sigma-Aldrich) (see Note 3).
6. Glass tubes for hydrolysis and derivatization.
7. High performance capillary electrophoresis with UV-vis
detection.
8. Uncoated 57 cm long, 50 pm i.d. fused silica (Polymicro
Technologies). The length to the detector is 50 cm.
3 Methods

The methods described herein outline the use of different electro-
phoretic techniques to separate and detect AAs in biomedical
applications. In the first example a CE-MS system is effectively
used to detect phenylketonuria and tyrosinemia, two metabolic
diseases, in blood samples. A sheath-flow interface is used due to
its easy and reproducible setup. It also poses less constraints on
buffer used in the separation. Pressure-assisted CE also minimizes
loss of resolution due to the diffusion of counter ion from the
sheath liquid back into the capillary. This hyphenation, as already
observed, deserves great attention: the results are interesting and
the methods can be further improved, for example, separating AAs
after derivatization. MS, indeed, has a greater sensitivity when
higher molecular weight compounds are detected, and a simpler
tuning of the spectrometer is feasible if the tag represents the main
part of the molecule.

CE-LIF demonstrated the method of choice for monitoring
simultaneously neurotransmitters. Its sensitivity and the low
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3.1 CE-ESI-MS

injected volume, typical of CE, make it an ideal technique for the
analysis of biological samples, such as microdialysate from discrete
brain areas, whose absolute amounts are very small. No cleanup
procedures are required as the dialysis membrane is not crossed by
high molecular weight substances like the proteins. By selecting
the proper membrane cutoff, different real samples can be ana-
lyzed without time-consuming purification procedures. Also, if the
perfusate is compatible with the derivatization mixture, the deriva-
tized AAs can be collected and promptly analyzed avoiding batch
operation.

The microdialysis-CE-LIF experiment, herein described, per-
mitted to monitor the extracellular concentration of neurotrans-
mitters which have a key role in the understanding of human
chemical, physiological, and behavioral events.

The last protocol provides a rapid and sensitive tool for analysis
of amino acids in polypeptide or protein hydrolysates, which can
find application in different fields, from protein analysis to glue
identification. The agreement with the conventional methods and
the better sensitivity (the needed amounts are 100-1000 times
lower than those used for the ninhydrin-based determinations)
made the method valuable for real samples.

1. Electrophoresis sample to sample holder SI:Al. In some instru-
ments for electrical reasons, the outlet terminal in normal
mode becomes the inlet terminal with the external adapter.

2. BGE (2.0 ml) in sample holder position BI:Al.

3. 1 M NaOH solution (2.0 ml) in sample holder position B1:D1
and water (2.0 ml) in sample holder position BI:El; place an
empty vial in sample holders BI:C1.

4. Fill the syringe with the sheath liquid solution and place it in
its holder on mass spectrometer.

5. Before the run, rinse at high forward pressure (20 psi) the cap-
illary sequentially with NaOH (1 min), water (1 min), and
electrophoresis buffer (4 min) (see Note 4)

6. CE programmed to inject electrophoresis sample for 5 s at low
pressure (0.5 psi, 3.45 kPa).

7. The conditions used in the CE were as follows: voltage 30 kV,
temperature 25+ 0.5 °C, pneumatic assistance to classical elec-
trophoretic driving force, 10 psi (se¢ Note 5).

8. 1.5 kV were applied to the CE outlet/ESI electrode and the
heated capillary used in these measurements is kept at
200 °C. The source temperature is maintained at 80 °C and
nitrogen is used for both nebulizing (35 1/h) and drying
(100 1/h). The sheath liquid flow at a flow rate of 5 pl/min is
provided by the mass spectrometer controlled syringe pump
(see Note 6).
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9. Set up the mass spectrometer detector to scan the m,/z range
between 74 and 250 amu under positive ionization mode at
unit mass resolution to monitor free AAs.

10. The UV detector, located 20 cm from the capillary injection
end, can be operated continuously at 200 nm for coarse con-
trol of analyte migration.

11. Figure 1 shows the electropherograms of blood sample of both
healthy and afflicted individuals.
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Fig. 1 Analysis by CE-MS. (a) Amino acid analysis of the blood of an individual
afflicted with PKU and its comparison to that of a healthy one (inset). (b) Amino
acid analysis of the blood of an infant afflicted with tyrosinemia. The inset con-
tains the electropherogram of the blood of a healthy individual. Reprinted with
permission from [64]. Copyright 2003 American Chemical Society
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3.2 CE-LIF

3.3 CE-UV

. Perfuse the microdialysis probe with the Ringer’s solution at

high flow rate (10 pl/min) for 1 h, then lower the flow rate to
2 pl/min and implant the probe. Monitor the basal level of the
analytes for at least 30 min before stimulus.

. Collect the perfusate fraction in microvials every 1 min (2 pl

sample volume) and immediately store each of them at —-40 °C
before derivatization. Stop the fraction collection 30 min after
the stimulus.

. After recovery to room temperature, derivatize the microdialy-

sate as follows: add 0.2 pl of the internal standard, 0.4 pl of the
borate /NaCN;, and 0.2 pl of the NDA solutions to the sample
(2 pl). Let the mixture react for about 1 h (see Note 7).

. Electrophoresis buffer (2x2.0 ml) in sample holder position

BI:Al and BO:Al. Electrophoresis sample in sample holder
SI:Al. Standard solution in sample holder SI:B1.

. 0.25 M NaOH solution (2.0 ml) in sample holder position

B1:D1 and water (2.0 ml) in sample holder position BI:El;
place empty vials in sample holders BI:Cl and BO:B1.

. CE programmed to inject electrophoresis sample for 10 s at

0.5 psi.

. The conditions used in the CE were as follows: voltage, 25 kV,

temperature 25+ 0.5 °C. The excitation was performed with a
Helium Cadmium laser (8 mW, 442 nm) whereas the fluores-
cence emission intensity was recorded at 490 nm.

. Between runs, rinse at high pressure (20 psi) the capillary

sequentially with 0.25 NaOH (30 s), water (1 min), and elec-
trophoresis buffer (1 min).

. Figure 2 shows the electropherograms relevant to the analysis

of a microdialysate obtained from the spinal dorsal horn, a
standard solution, and a brain dialysate from a rat striatum.

. Hydrolysis of Proteins and Peptides: vacuum dry the solution

of proteins or peptides in 5x 35-mm glass tubes. Then add
to each tube 40 pl of hydrochloric solution. Evacuate and
flame seal the tubes. Put the tubes in an oven at 110 °C for
24 h. After opening of the tubes, dry with a gentle nitrogen
flow (see Note 8).

. Derivatization with phenylisothiocyanate: add to each tube

40 pl of triethylamine solution, vortex shortly and evaporate
(see Note 9). Then add 3 pl 50% ethanol to each tube fol-
lowed by subsequent addition of 7 pl of PITC solution.
Vortex and incubate the samples for 30 min at room tem-
perature. Dry the derivatized samples under vacuum over-
night in a desiccator. Dissolve the PITC-AAs in water before
CE analysis (se¢ Note 10).
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Fig. 2 Analysis by CE-LIF. Typical electropherograms of a microdialysate obtained
from the spinal dorsal horn in a patient with chronic pain (top), a standard solu-
tion (middle) containing 5 x 10-" mol/l GABA, 5 x 10-6 mol/I Glu/L-Asp compared
to a brain dialysate obtained from rat striatum (bottom). Cysteic acid is the inter-
nal standard. Reprinted with permission from [66]. Copyright © 2004 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim

3. BGE (2x2.0 ml) in sample holder position BI:Al and BO:Al.
Electrophoresis sample to sample holder SI:Al.

4. CE programmed to inject electrophoresis sample for 5 s at
0.5 psi.

5. The conditions used in the CE were as follows: voltage, 27 kV,
temperature 24+0.5 °C. The online UV detector, located
7 cm from the capillary end, is operated continuously at
200 nm for control of analyte migration.

6. Change the BGE after each run and wash the capillary with the
fresh electrolyte at least 5 min.

7. Figure 3 shows the electropherograms of a hydrolysate of BSA.



270 Daniela Fico et al.

a
H
: 0.001F F E
8 ' v L w |
N S
5 U |
3 | : | Lot I
ool U, |
€ 0.000+ L‘J\\«,.J | LJ \
n B
2 U,
b 6 8 10
Time (min)
L K

0.008

T
m

0.006

|1\ -

1 1 1

15 20 25
Time (min)

0.004

Absorbance at 200 nm

Fig. 3 Analysis by CE-UV. Capillary electrophoresis of PTC-derivatized hydrolysate amino acids. (a) 0.58 pmol
of the 10-residue peptide SA-2, (b) 0.50 pmol of the 607-residue protein BSA. Reprinted from [65], Copyright
2000, with permission from Elsevier

4 Notes

1. All solutions were prepared in water that has a resistivity of
18.2 MQ c¢m and total organic content of less than 5 ppb. An
UltraClear system (SG Water, Hamburg, Germany) equipped
with an UV lamp was used.

2. Filter the BGE through a 0.2 pum filter to prevent blockage of
the CE capillary and for degassing.

3. The running buffer may conveniently be prepared by titration
of phosphoric acid (Merck) with NaOH (Sigma-Aldrich).
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6

7.

Then dissolve the SDS and filter through 0.2-pm membranes
before use. It could be stored at room temperature for at least
6 months.

. Either a chemical or a mechanical method can be used to

sharpen the outlet tip of a new capillary, before mounting it in
the cartridge. If nitrile gloves and a fume hood are available,
the chemical etching in 49 % hydrofluoric acid could be accom-
plished by soaking 2—4 mm of the capillary end for 5 min while
passing nitrogen through the capillary to minimize the etching
of the inner wall of the capillary. Otherwise the tip could also
be sharpened mechanically with fine emery paper: in this case
pay attention to the debris, not to clog the capillary. Moreover
before use new capillaries should be eluted with 1 M NaOH
for 2—4 h under constant pressure. At the beginning of each
day the capillary should be conditioned by flushing with 1 M
NaOH solution (5 min), followed by 5 min flush of water and
30 min of electrolyte solution.

. If available use an HPLC pump as generally the baseline noise

is halved.

. With different CE equipment the pneumatic assistance, which

is used to shorten analysis time, could be not available.

NDA is a fluorescent tag not fluorescent itself (in contrast with
fluorescein isothiocyanate, for instance) and rapidly reacts to
give stable fluorescent derivatives. However, since the internal
standard cysteic acid reacts less quickly than Glu, L-Asp, and
GABA, a reaction time of 1 h at room temperature is necessary
to complete the derivatization reaction.

. To get rid of the metal ions eventually present in the sample,

it is possible to extract the proteic fraction in 6 N NHj first,
then to dry the extract and hydrolyze it. For biomedical
applications the glass tube should be pyrolyzed (400 °C,
3—4 h) before use.

. This step is essential to remove residual hydrolysis acid.
10.

Reagent mixtures were made fresh daily, stock PITC was stored
at about 20 °C under nitrogen. Triethylamine and 50% etha-
nol were stored at +4 °C. PTC-amino acids were stored at
-20 °C.
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Enantiomer Separations hy CGapillary Electrophoresis

Gerhard K.E. Scriba, Henrik Harnisch, and Qingfu Zhu

Abstract

Capillary electrophoresis (CE) is a versatile and flexible technique for analytical enantioseparations. This is
due to the large variety of chiral selectors as well as the different operation modes including electrokinetic
chromatography, micellar electrokinetic chromatography, and microemulsion electrokinetic chromatography.
The chiral selector, which is added to the background electrolyte, represents a pseudostationary phase with
its own electrophoretic mobility allowing a variety of different separation protocols. The present chapter
briefly addresses the basic fundamentals of CE enantioseparations as well as the most frequently applied
chiral selectors and separation modes. The practical example illustrates the separation of the enantiomers
of a positively charged analyte using native and charged cyclodextrin derivatives as chiral selectors.

Key words Capillary electrophoresis, Enantiomer separation, Chiral separation, Chiral selector,
Migration mode

1 Introduction

In capillary electrophoresis (CE) separation techniques, the analyses
are performed in narrow bore capillaries exploiting the electrophoretic
mobilities of charged molecules upon the application of high electric
field strength. In order to achieve the separation of enantiomers, a chi-
ral selector is added to the background electrolyte. Thus, in CE the
chiral selector represents a so-called pseudostationary phase that may
possess its own electrophoretic mobility. In combination with the dif-
ferent modes of CE such as electrokinetic chromatography (EKC),
micellar electrokinetic chromatography (MEKC) and microemulsion
electrokinetic chromatography (MEEKC), a variety of separation
modes can be realized contributing to the high flexibility of CE. The
presence of the selector in the background electrolyte also allows rapid
change of the experimental conditions enabling rapid method devel-
opment. Moreover, the small amounts of samples and chemicals make
CE an environmentally friendly and cost-effective technique. The
advancement of CE enantioseparations is documented in many publi-
cations including recent reviews [ 1-6] and monographs [7, 8].

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_15, © Springer Science+Business Media New York 2016

277



278 Gerhard K.E. Scriba et al.

1.1 Fundamentals of
GE Enantioseparations

The present chapter will briefly introduce the basic fundamen-
tals of enantioseparations in CE and the most frequently used types
of chiral selectors and separation modes. Capillary electrochro-
matography (CEC) which is often considered a hybrid technique
between CE and HPLC will not be discussed. Practical examples
of enantioseparations using cyclodextrins (CDs) as chiral selectors
are presented.

In CE, analyte separation is carried out in capillaries with an inner
diameter of 20-100 pm so that dissipation of Joule heat is effective
which allows the application of high voltages. The capillaries are
manufactured from fused-silica so that detection modes such as
UV- or laser-induced fluorescence detection are typically carried out
by on-column detection but hyphenation to a mass spectrometer has
become routine as well. Moreover, the output of commercial instru-
ments resembles that of conventional chromatograms and can be
integrated for quantitative analyses. Finally, CE allows the separa-
tion of small molecules including stereoisomers as well as the analy-
sis of large molecules such as proteins or DNA and even whole cells.

The mobility of an analyte is determined by the electropho-
retic mobility of a particle, y.,, as a function of charge, ¢, and size
of the analyte represented by the radius, 7, for a spherical particle
according to:

q
= 1
Hep 6rnr (1)

n is the viscosity of the background electrolyte. In case of acidic or
basic analytes, the charge is a function of the pH of the electrolyte
solution. The charge-to-size ratio is also generally referred to as
charge density.

In addition, the charged surface of the capillary leads to a gen-
eral mass flow, the electroosmotic flow (EOF), which creates a
plug-like flow profile as compared to the parabolic flow profile of
pressure-driven chromatographic techniques making CE a high
resolution technique. The mobility of the EOF is a function of the
permittivity of the electrolyte solution, &, and the zeta-potential, ¢,
resulting from the negatively charged capillary surface due to pH-
dependent dissociation of the silanol groups:

&
Hgor = > (2)
47n

Consequently, the effective mobility of a solute is the sum of both
electrophoretic forces, pe, and pgor, according to:

Hee = Moy + Hpop (3)
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As in chromatography, CE enantioseparations can be grouped into
indirect and direct methods. In the indirect approach the analyte
enantiomers are derivatized with a single enantiomer reagent to
form diastereomers via covalent bonds. These diastereomers can be
separated, in principle, under achiral conditions. Direct methods
refer to the separation of enantiomers in a chiral environment which
requires the presence of a chiral selector in the background electro-
lyte. The separation is based on the formation of transient diastereo-
meric complexes in a thermodynamic equilibrium. This is identical
to chromatographic techniques so that the stereospecific recogni-
tion of the analyte enantiomers by a chiral selector represents a chro-
matographic phenomenon. The fact that the selector is mobile in
CE compared to chromatography (a so-called pseudostationary
phase) is not a fundamental difference. Therefore, enantiosepara-
tions by CE are also referred to more correctly as electrokinetic
chromatography (EKC). The transport of the analyte and/or the
analyte—selector complex to the detector is accomplished by electro-
kinetic phenomena so that enantioseparations in CE are composed
of'a chromatographic and an electrophoretic mechanism.
Assuming the formation of analyte—selector complexes at a
stoichiometric ratio of 1:1, the equilibria between the § and R
enantiomers of the analyte and the chiral selector, C, are given by:

Lse]
[s]c]

[RC]
R+C—>RC K, =+—4

-~ [R][c]

In the presence of a complexation agent the analyte may exist in a
complexed and a noncomplexed form so that the effective mobility
can be described as a function of the mobilities of the free and
complexed analytes resulting in the expression for the S-enantiomer:

,uesff = fu + (l_f)”(f];lx (5)

S+C—>SC K=
(4)

where y; is the mobility of the free enantiomer, g is the mobility of
the analyte—selector complex, and fis the fraction of the noncomplexed
species. Considering the complexation constant, K, and the concentra-
tion of the selector, [ C], the effective mobility can be described by:

S _M (6)
eff —

1+ K [C]
Therefore, the effective mobility of an analyte interacting with a
chiral selector is a function of the mobility of the free analyte, pg, the
mobility of the analyte-selector complex, i, the complexation
constant, K, and the concentration of the chiral selector [9].
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1.2 Migration Modes

An enantioseparation is observed when the effective mobilities
of the enantiomers differ:

o+ o K[CT o+ g K[ €]
Au = S _ R _ Hs + ”CPIX S ot cplx “*R
H = Her = Hegr 1+ K[C] 1+ K [C]

(7)

The chromatographic enantioselective mechanism (also referred to
as the thermodynamic mechanism) results from the different affini-
ties of the enantiomers toward the chiral selector as reflected by
differences in the complexation constants, i.e., Ks# K. The elec-
trophoretic enantioselective mechanism is based on differences in
the mobilities of the enantiomer—selector complexes, i.e.,
whe # pko which may be caused by differences in the hydrody-
namic radii of the complexes. Both mechanisms can contribute
simultaneously but the chromatographic mechanism is typically
the dominant mechanism because the hydrodynamic radii of the
two enantiomer—selector complexes do not difter significantly and
the effective charges of the two complexes are identical.

A striking difference between enantioseparations in pressure-
driven chromatographic systems and systems based on electropho-
retic phenomena is the fact that enantiomers can also be separated
in the case of equal binding constants (Ks= Ky) solely based on
differences in the electrophoretic mobilities of the diastereomeric
complexes as discussed in [10]. This separation mechanism is not
possible with the immobilized selectors in chromatography.
Moreover, the designed combination of selectors with different
mobilities is feasible in order to achieve an enantioseparation.

The simple mathematical model for CE enantioseparations
described by Eq. 7 has several disadvantages such as the fact that it
does not account for the protonation equilibria of the enantiomers
in their free and complexed form. As a result, different charge den-
sities of the diastereomeric complexes may exist at a given pH of
the background electrolyte based on a complexation-induced pK,
shift leading to different mobilities of the diastereomeric selector—
enantiomer complexes. Nonetheless the simple model provides a
general understanding of the phenomena involved in CE enan-
tioseparations. For a discussion of further complex models includ-
ing the protonation equilibria or multiple equilibria see, for
example, [4, 11-15].

In CE, the analyte as well as the chiral selector may be neutral,
anionic, cationic, or zwitterionic. Thus, in addition to buffer addi-
tives (other than the chiral selector) and the nature of the capillary
wall, which may both affect the EOF, the charge of the solute and the
chiral selector determine the mechanism and direction of the migra-
tion in CE. Therefore, the nature of the chiral additive contributes
not only to the separation selectivity but in case of charged selectors



Enantiomer Separations by CE 281

also to the migration direction and magnitude. As a consequence,
various scenarios can be applied to affect the effective mobilities of
the enantiomers in order to obtain a certain migration order.
Considering the effect of the chromatographic principle reflected by
the complexation of the solutes and the electrophoretic principle on
the effective mobilities of the enantiomers, the following mechanisms
may affect the enantiomer migration order [16, 17]:

— the strength of the complexation of the enantiomers by the
selector

— the direction and magnitude of the electroosmotic flow (EOF)

— the direction and magnitude of the mobility of the free
analyte

— the direction and magnitude of the mobility of the chiral
selector

— the direction and magnitude of the mobility of the diastereo-
meric selector—enantiomer complexes.

Combinations of the mechanisms may apply. The various sce-
narios are also possible due to the fact that detection in CE can be
performed at the cathodic end (normal polarity of the applied volt-
age) as well as the anodic end of the capillary (reversed polarity of the
applied voltage) so that cathodic as well as anodic mobility of the
analytes can be exploited. Selected migration modes considering
charged or neutral analytes as well as neutral and charged chiral selec-
tors are schematically shown in Fig. 1. Upon selection of appropriate
experimental conditions, a reversal of the enantiomer migration order
can be achieved. This may be important for the determination of the
enantiomeric excess when the minor enantiomer has to be deter-
mined in the presence of a large excess of the major enantiomer.
Because peak tailing and peak fronting can be observed in CE it may
be desirable to determine the minor enantiomer in front of a large
tailing peak or after a large fronting peak. Other experimental condi-
tions resulting in a different enantiomer migration order can be envi-
sioned, so that the scenarios shown in Fig. 1 cannot be comprehensive.
For example, only single selector systems as well as neutral and nega-
tively charged selectors have been considered here.

The enantiomers of basic compounds can be separated at low
pH using uncharged selectors and detection is carried out at the
cathode (Fig. 1a). Under these conditions the analyte is positively
charged so that it migrates to the cathode. The weaker complexed
enantiomer is detected first because it possesses the higher mobil-
ity. Negatively charged analytes can be separated using neutral
selectors under high EOF (Fig. 1b) or low EOF conditions
(Fig. lc). The negatively charged enantiomers migrate to the
anode. In the presence of a high EOF overall mobility is directed
to the cathode so that the stronger complexed enantiomer will be
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Fig. 1 Scheme of migration modes in CE. The circle represents the analyte while the trapezoid represents the
chiral selector. The charge of analyte and selector is indicated by the plus or minus sign. The red arrow repre-
sents the electrophoretic mobility of analyte and the black arrow the mobility of the selector. The net mobility
in the different modes is always directed toward the detector

detected first while it will be detected second under low EOF
conditions and detection at the anode because the weaker com-
plexed enantiomer possesses a relatively higher mobility toward the
anode. Using a negatively charged complexation agent (possessing
an electrophoretic anodic mobility) for the enantioseparation of a
cationic compound, the weaker complexed enantiomer will be
detected first at the cathodic end of the capillary at a low selector
concentration (Fig. 1d). At a high concentration the carrier ability
of the charged selector can be exploited detecting the analyte at
the anode. Thus, upon reversal of the polarity of the applied volt-
age the stronger complexed analyte will be transported faster to
the detector at the anodic end of the capillary (Fig. le). Due to
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their electrophoretic mobility charged selectors can also be
employed for the enantioseparation of neutral analytes as outlined
for the combination of an uncharged analyte and a negatively
charged selector in Fig. 1f, g. At low selector concentrations the
weaker complexed enantiomer is detected first at the cathode in
the presence of a sufficiently high EOF (Fig. 1f). In contrast, under
reversed polarity of the applied voltage exploiting the carrier ability
of the selector present at high concentrations in the background
electrolyte, the stronger bound enantiomer will be detected first at
the anodic end of the capillary (Fig. 1g).

It is obvious from these few examples that a designed migration
order of the enantiomers can be achieved for a given compound by
selection of the appropriate selector and conditions. Because each
selector has its own enantioselective recognition toward analytes
the migration order will be affected by the selector first. For exam-
ple, it has been shown that the enantiomer migration order can
depend on the size of the CD cavity so that different enantiomer
migration orders were observed for a-, -, and y-CDs. Moreover,
different derivatives of a CD may also display opposite migration
order. Reversal of the enantiomer migration order may also be
achieved by the selection of the appropriate experimental condi-
tions. It is obvious that the situations schematically shown in
Fig. 1b—e as well as Fig. 1f, g will lead to a different migration order
of the enantiomers if the compound can be analyzed under the
specific experimental conditions. Furthermore, if an amphoteric
compound can be analyzed as protonated positively charged or as
negatively charged species the migration order of the enantiomers
may change as well provided that the chiral recognition of the selec-
tor toward the enantiomers does not change as a function of the
charge of the analyte (Fig. 1a, ¢). For a more comprehensive discus-
sion of the enantiomer migration order in CE, see also [15-17].

A large number of structurally diverse chiral compounds have been
investigated as chiral selectors in CE including cyclodextrins (CDs),
cyclofructans, polysaccharides, macrocyclic glycopeptide antibiotics,
proteins, crown ethers, aptamers, chiral ligand exchange, chiral ionic
liquids, as well as chiral surfactants derived from steroids, amino
acids, tartaric acid, or glycosides [7, 8, 18]. Depending on the chiral
selector and the analyte enantiomers, formation of the diastereo-
meric selector-enantiomer complexes is driven by several types of
interactions including ionic interactions, ion—dipole or dipole—dipole
interactions, hydrogen bonds, van der Waals interactions, or n-n
interactions. For a summary of the current understanding of the
structures of the analyte—selector complexes see [19-21].

CDs are by far the most often applied chiral selectors owing to
their commercial availability, UV transparency, and relatively low
prices. CDs are cyclic oligosaccharides consisting of a(1, 4)-linked
D-glucose units obtained by the digestion of starch by certain
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Bacillus strains. The most important industrially produced CDs
differ in the number of glucose units. a-CD contains 6 glucose
molecules, B-CD 7 glucose molecules, and y-CD 8 molecules
(Table 1). CDs are shaped like a hollow torus with a lipophilic cav-
ity and a hydrophilic outside. The narrow rim contains the primary
6-hydroxyl groups of the glucose molecules while the wider ring is
formed by the secondary 2- and 3-hydroxyl groups. The hydroxyl
groups can be derivatized resulting in a large variety of CD deriva-
tives with uncharged or charged substituents. Complex formation
is believed to occur via the inclusion of lipophilic moieties of the
analytes in the hydrophobic cavity with secondary interactions
including hydrogen bonding or dipole—dipole interactions with
the hydroxyl groups or polar substituents. In the case of charged
CDs, ionic interactions will contribute to the binding. CDs can be
employed in aqueous as well as nonaqueous background electro-
lytes. Besides EKC, CDs have been used as chiral selectors in
MEKC and MEEKC. The application of CDs in CE has been sum-
marized [18, 22-27].

The most prominent representatives of the group of macrocy-
clic antibiotics also called macrocyclic glycopeptides are vancomy-
cin, ristocetin A, teicoplanin, and teicoplanin aglycone (Fig. 2). The
common structural feature of this class of compounds is a hepta-
peptide composed as interconnected macrocycles each containing
two aromatic rings. Vancomycin contains three macrocycles, teico-
planin and ristocetin A are composed of four. The macrocycle forms
a three-dimensional, C-shaped basket-like structure with the carbo-
hydrate moieties positioned at the surface. Due to the presence of
aromatic rings, polar groups as well as ionizable groups such as a
carboxylic acid group or amino groups, a large number of interac-
tions between analyte molecules and the glycopeptide antibiotics
are possible including hydrogen bonds, n—xn, dipole-dipole, and
ionic interactions depending on the experimental conditions. Due
to the stability in aqueous solutions, macrocyclic antibiotics are
typically used in buffers within the pH range 4-8. Protonation at
pH values below the pl of the glycopeptides may result in wall
adsorption and, consequently, an irreproducible EOF. Moreover,
the UV absorbance of the selectors has to be considered. For review
articles on antibiotics as chiral selectors, see [28, 29].

The chiral crown ether (+)-(18-crown-6)-2,3,11,12-
tetracarboxylic acid (Fig. 3) has been applied to the enantiosepara-
tion of primary amines. Complex formation occurs via hydrogen
bonds between the protonated amino group and oxygen atoms of
the crown ether. Consequently, enantioseparations are performed
in acidic buffers as summarized in [ 30, 31]. Chiral ligand exchange
is based on the reversible coordination of a chiral analyte into the
sphere of a metal ion, which is complexed with a chelating selector,
resulting in an analyte-metal ion—-selector complex. Most fre-
quently, amino acids derivatives including L-proline,
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a-CD B-CD y-CD
Derivative Substituents
Native CDs
a-CD H
B-CD H
y-CD H
Neutral CDs
Methyl-a-CD CH;, randomly substituted
Methyl-B-CD CH;, randomly substituted

Heptakis-2,6-dimethyl-p-CD
Heptakis-2,3,6-trimethyl-p-CD
Hydroxypropyl-a-CD
Hydroxypropyl-p-CD
Hydroxypropyl-y-CD
Negatively charged CDs
Carboxymethyl-p-CD
Sulfated a-CD
Sulfated p-CD
Sulfated y-CD
Sulfobutyl-p-CD

Heptakis-6-sulfo-p-CD
Heptakis-(2,3-diacetyl-6-sulfo)-p-CD
Heptakis-(2,3-dimethyl-6-sulfo)-p-CD

CHj; in positions 2 and 6

CHj; in positions 2, 3, and 6
CH,-CH,-CH,-OH, randomly substituted
CH,-CH,-CH,-OH, randomly substituted
CH,-CH,-CH,-OH, randomly substituted

CH,-COONa, randomly substituted
SO;Na, randomly substituted
SO;Na, randomly substituted
SO;Na, randomly substituted

CH,-CH,-CH,-CH,-SO;Na, randomly
substituted

SO;Na in position 6
CH;CO in positions 2 and 3, SO;Na in position 6
CHj; in positions 2 and 3, SO;Na in position 6

(continued)
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Table 1
(continued)

Derivative Substituents

Positively charged CDs
CH,-CH(OH)-CH,-N(CHj;);Cl, randomly

2-Hydroxy-3-trimethylammoniopropyl-f-CD
substituted

6-Monodeoxy-6-monoamino-f-CD NH, instead of one 6-OH group

o
H3C

CHs
CH
CHs oH NH —OH

5 Lo

HO.
cl o OH
o . f o
N N
0 H N NH - cHy
NH o} o} NH
o) O o o) NH o 2
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Vancomycin
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Fig. 2 Structures of the glycopeptide antibiotics vancomycin, teicoplanin A,.,, and ristocetin A
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L-hydroxyproline, L-proline amide, L-phenylalanine amide, or
L-histidine have been employed as chelating agents but polyhy-
droxy acids such as D-quinic acid, D-gluconic acid, or L-threonic
acid were also used. Typical metal ions include divalent metal ions
such as Cu?*, Zn?*, or Ni**. Ligand exchange is restricted to ana-
lytes with 2 or 3 electron donating groups so that the method can
be applied particularly to the enantioseparation of amino acids,
a-hydroxy acids, or amino alcohols. The principles of chiral ligand
exchange, selectors, and applications have been reviewed [32-34].
Chiral micelles are formed from monomeric chiral surfactants in
aqueous solution at concentrations above the critical micelle con-
centration. Furthermore, polymeric micelles (also called molecular
micelles) have been developed, which are obtained by polymeriza-
tion of functionalized surfactants via the hydrophobic tails. The
polymeric micelles overcome limitations caused by the dynamic
nature of conventional micelles and instability upon addition of
higher concentrations of organic solvents. Chiral surfactants with a
large structural variety are available including bile acid derivatives
or surfactants derived from amino acids or carbohydrates (Fig. 3).
Molecular micelles are based on surfactants derived from amino
acids or dipeptides. Reviews on the application of chiral micelles in
enantioseparations can be found, for example, in [35, 36]. For a
discussion of further chiral selectors applied in CE see [7, 8, 18].

CE has been applied to enantioseparations in chemical, pharmaceu-
tical, forensic, food, or environmental analysis as well as bioanalysis.
The EKC mode is the most often applied technique for CE refer-
ring to a system with a chiral selector in a background electrolyte
without the presence of a further pseudostationary phase such as
micelles or a microemulsion. EKC is often (incorrectly) also referred
to as chiral CE. The selector may be charged, thus, exhibiting an

oj/coon-i

o~ "’‘cooH

(+)-(18-crown-6)-2,3,11,12-tetracarboxylic sodium cholate

HO,
(0]
(o]
0 OH /\/\/\/\/\)J\ I
UG a~ \ﬁH N COO@ Na@
HO H

dodecyl-B-glucopyranoside

sodium N-dodecanoyl-L-valinate

Fig. 3 Structures of the chiral crown ether, (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid, and chiral

surfactants
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electrophoretic self-mobility allowing the enantioseparation of neu-
tral analytes or uncharged so that it is transported with the EOF.
Some separation scenarios are shown in Fig. 1. As discussed earlier,
enantioseparations in EKC are based on different affinities of the
enantiomers toward the chiral selector and/or differences in the
mobilities of the diastereomeric analyte—selector complexes.
Reviews on EKC enantioseparations can be found, for example, in
[1-6]. Apart from aqueous buffers, nonaqueous background elec-
trolytes may be applied in EKC enantioseparations [37, 38].

The fact that the chiral selector is dissolved in the background
electrolyte in EKC is often considered an advantage in terms of the
ease of changing the experimental conditions including the type of
the chiral selector. However, this may become a disadvantage when
CE is hyphenated to a mass spectrometer because the nonvolatile
selectors contaminate the ion source when entering the mass spec-
trometer. Two strategies have been developed in order to avoid the
entrance of significant amounts of the selector into the ion source.
The first approach, the counter migration technique, exploits the
self-mobility of a charged chiral selector migrating in the opposite
direction of the mass spectrometer. Thus, the capillary is filled with
the background electrolyte containing the chiral selector. Upon
application of the separation voltage the analytes migrate toward the
mass spectrometer while the selector migrates in the opposite direc-
tion. The second approach is the partial filling technique. In this case,
only a part of the capillary is filled with the background electrolyte
containing the selector while the remaining part contains a selector-
free electrolyte. The experimental conditions have to be adjusted in
such a way that the analytes migrating through the zone containing
the chiral selector exhibit a higher velocity toward the mass spec-
trometer compared to the selector so that the analytes reach the mass
spectrometer before the selector can enter the ion source. CE-MS
enantioseparations have been summarized [39—41].

MEKC enantioseparations can be carried out by two basic
approaches. The first mode employs a chiral surfactant used in con-
centrations above the critical micelle concentration. These surfac-
tants comprise bile salts or charged or neutral compounds derived
from glucopyranosides or N-acylamino acids surfactants [36].
Mixed micelles composed of chiral and achiral surfactants have also
been used. Alternatively, polymeric micelles can be used [35]. In
the second approach achiral micelles are combined with a chiral
selector. A frequently employed combination is the use of SDS as
surfactant with CDs. Also termed CD-modified MEKC, this sys-
tem is based on several equilibria, i.e., the partitioning of the ana-
lyte between the (achiral) micelles and the aqueous phase as well as
the stereoselective complexation of the enantiomers by the selec-
tor. Furthermore, distribution of the CD-analyte complexes into
the micelles has to be considered as well as the binding of the
enantiomers by CDs associated with the micelles, which may differ
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from the complexation between CD and analyte in the aqueous
phase. Both modes, MEKC using chiral micelles and CD-modified
MEKC, have been successfully applied to the enantioseparations of
many basic, acidic, or neutral compounds [36].

MEEKC can be regarded as analogous to MEKC using micro-
emulsion droplets as pseudostationary phase as compared to
micelles in MEKC. The microemulsion is formed by a water immis-
cible organic liquid stabilized by a surfactant and a cosurfactant.
Thus, the general approaches for MEEKC enantioseparations
resemble the approaches in MEKC. The first mode employs chiral
components forming the microemulsion such as a chiral surfactant,
chiral alkanols as cosurfactants, or chiral oil phases. The mecha-
nism of the enantioseparations using a chiral oil droplet is based on
the partitioning equilibria of the analyte enantiomers between the
aqueous phase and the chiral oil phase. The second approach uses
an achiral microemulsion in combination with a chiral selector
such as a CD. Typically, the micelles are negatively charged due to
the use of sodium dodecyl sulfate (SDS) as surfactant in combina-
tion with neutral or negatively charged CDs. In these systems two
equilibria have to be considered, the partitioning of the analyte
between the aqueous phase and the lipid phase as well as the ste-
reospecific complexation of the enantiomers by the CDs. The par-
titioning of the diastereomeric enantiomer—CD complexes may, in
principle, also take place.

For recent compilations of MEEKC enantioseparations see, for
example [42, 43].

Method development starts with the selection of the appropriate
chiral selector and background electrolyte. Although some selectors
are more or less limited to a certain group of analytes, for example,
chiral crown ethers for enantioseparations of primary amines, there
is no general rule for the use of certain selectors for a given analyte.
Consequently, the choice of a certain selector currently depends on
the experience and/or preferences of the analyst. Due to the large
variety of derivatives as well as the commercial availability CDs are
the most often applied chiral selectors in CE. Many analysts prefer
charged selectors as they may be applied for charged and uncharged
compounds. At low pH, basic analytes are protonated and migrate
to the cathode while the negatively charged CDs migrate to the
anode. Neutral compounds interacting with the negatively charged
CDs are transported to the anode and can be detected upon revers-
ing the polarity of the applied voltage. Most acidic analytes are pro-
tonated at low pH and behave as neutral compounds. General
strategies for screening approaches utilizing CDs have been pub-
lished in order to find generalized starting conditions without
excessive testing of a large number of CDs, see for example [44,
45]. For basic analytes negatively charged CDs are often preferred
due to the high success rate. Alternatively, MEKC or MEEKC may
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be considered for charged as well as uncharged analytes. Following
selection of the initial conditions, the concentration of the chiral
selector, the pH and concentration of the background electrolyte,
buffer additives, separation voltage, capillary temperature, etc., are
further optimized in order to achieve the desired chiral resolution.
In MEKC and MEEKC type and concentration of the surfactant
and composition of the microemulsion, respectively, are optimized.
In order to manipulate the EOF or to avoid analyte adsorption to
the capillary wall, dynamic or permanent coating of the capillary
wall may be considered [46, 47 ].

The aim of any method development of an analytical separa-
tion is to obtain a robust assay meeting the requirements of the
intended use. Apart from the characteristics of the analytes, experi-
mental factors such as type and concentration of the chiral selector,
type, pH, and concentration of the background electrolyte as well
as additives such as organic solvents or surfactants, the composi-
tion of a microemulsion, applied voltage, capillary temperature,
etc., affect enantioseparations in CE. Optimizing one variable at a
time while keeping all other variables constant, i.e., the univariate
approach, results in a large number of experiments. Typically, this
approach only leads to a local optimum of the conditions.
Therefore, experimental design (chemometrics) methods may be
used in order to find the global optimal conditions of the experi-
mental variables [48, 49]. In such an approach, the variables which
significantly atfect a separation are first identified and subsequently
optimized in a designed way. Testing of the robustness of the ana-
lytical method can also be addressed by experimental design.

2 Materials

2.1 CE Apparatus
and Equipment

1. A commercial CE instrument with a high voltage source (up to
30 kV) and a photodiode array detector. A P/ACE MDQ CE
System (Beckman Coulter, Fullerton, CA, USA) ora 7100 CE
System (Agilent Technologies, Santa Clara, CA, USA) is suit-
able (sec Note 1).

2. Uncoated fused-silica capillaries (e.g., from Polymicro
Technologies, Phoenix, AZ, USA) with an internal diameter of
50 pm, an effective length of 30 cm, and a total length of
40.2 cm (see Note 2). Install the capillary into the capillary car-
tridge according to the manufacturer instructions (see Note 3).

3. A commercial pH meter for pH adjustment of the background
electrolytes.

4. An ultrasonic bath for sample and CD dissolution as well as for
degassing of the solutions.

5. Syringe filters containing polyester filter membranes with a
pore size of 0.20 pm (e.g., from Macherey-Nagel, Diiren,
Germany). The use of 0.45 pm filters is also possible.
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6. A Milli-Q water purification system for preparation of ultra-
pure water (e.g., a Milli-Q Direct 8 system, Millipore, Billerica,
MA, USA).

2.2 Chemicals 1. p-CD (Sigma-Aldrich, St. Louis, MO, USA; or Cyclolab,
Budapest, Hungary).

2. Sulfated pB-CD, sodium salt (Sigma-Aldrich, St. Louis, MO,
USA; or Cyclolab, Budapest, Hungary) (se¢ Notes 4 and 5).

3. (R)-(-)-1,1'-binaphthyl-2,2’-diyl hydrogenphosphate and (§)-
(+)-1,1'-binaphthyl-2,2"-diy] hydrogenphosphate (Sigma-
Aldrich, St. Louis, MO, USA).

4. (15,2R)-(+)-ephedrine  hydrochloride and  (1R,2S5)-(-)-
ephedrine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA).

2.3 Background 1. BGE 1: 50 mM phosphate buffer, pH 3.0, 2.5 mg/mL of
Electrolytes (See B-CD.
Notes 6 and 7) Dissolve 340 pL of 85 % H;3;PO, in approx. 50 mL of Milli-Q

water and adjust pH to 3.0 using 1 M NaOH. Adjust the vol-
ume of the solution to 100.0 mL with Milli-Q water. Dissolve
25 mg of B-CD in approx. 5 mL of the buffer (se¢e Note 8)
under sonication (5-10 min) and adjust the volume to 10.0 mL
with buffer.

2. BGE 2: 50 mM phosphate buffer, pH 2.5, 2 mg/mL of sul-
fated B-CD.

Dissolve 340 pL of 85 % H;PO, in approx. 50 mL of Milli-Q
water and adjust pH to 2.5 using 1 M NaOH. Adjust the vol-
ume of the solution to 100.0 mL with Milli-Q water. Dissolve
20 mg of sulfated f-CD sodium salt (se¢ Notes 4 and 5) in
approx. 5 mL of the buffer and adjust the volume to 10.0 mL
with buffer.

3. BGE 3: 50 mM phosphate bufter, pH 2.5, 30 mg/mL of sul-
fated p-CD.

Dissolve 340 pL of 85% H;PO, in approx. 50 mL of Milli-Q
water and adjust pH to 2.5 using 1 M NaOH. Adjust the volume
of the solution to 100.0 mL with Milli-Q water. Dissolve 300 mg
of sulfated f-CD sodium salt (se¢ Notes 4 and 5) in approx. 5 mL
of the buffer and adjust the volume to 10.0 mL with buffer.

Filter all buffer solutions through a 0.20 pm polyester mem-
brane syringe filter into the buffer vials and degas by sonication
for 5 min prior to use.

2.4 Sample Solutions 1. 1,1’-Binaphthyl-2,2’-diyl hydrogenphosphate solution (see
Note 9):

Prepare stock solutions (1 mg/mL) of each enantiomer of

1,1’-binaphthyl-2,2’-diyl hydrogenphosphate by dissolving

10 mg of each compound in approx. 5 mL of methanol and
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adjust the volume to 10.0 mL with methanol. Mix 200 pL of
(S)-(+)-1,1"-binaphthyl-2,2’-diyl hydrogenphosphate stock
solution with 100 pL of (R)-(-)-1,1’-binaphthyl-2,2’-diyl
hydrogenphosphate stock solution and adjust the volume to
10.0 mL with 10 % aqueous methanol. Transfer solution to the
sample vial.

2. Ephedrine solution (see Note 9).

Prepare stock solutions (1 mg/mL) of each enantiomer of
ephedrine by dissolving 10 mg of each compound in approx.
5 mL of 10% (v/v) 2-propanol and adjust the volume to
10.0 mL with 10% (v/v) 2-propanol. Mix 2.0 mL of (15,2R)-
(+)-ephedrine hydrochloride stock solution with 1.0 mL of
(1R,28)-(-)-ephedrine hydrochloride stock solution and adjust
the volume to 10.0 mL with Milli-Q water. Transfer solution to
the sample vial.

3 Methods

3.1 Conditioning and
Rinsing Procedures
for the Fused-Silica
Gapillary (See Note 10)

3.1.1  Preconditioning
of a New Capillary

3.1.2  Conditioning
of the Capillary
Between Analyses

3.1.3 Rinsing
of the Capillary for Storage

Filter all rinsing solutions through a 0.20 pm polyester membrane
syringe filter. Rinse the new capillary at a pressure of 138 kPa (20
p.s.i.) subsequently with

1. 0.1 M phosphoric acid for 10 min.

2. 1 M sodium hydroxide for 20 min.

3. 0.1 M sodium hydroxide for 20 min.

4. Milli-Q water for 10 min.

5. The appropriate background electrolyte for 10 min.

Rinse subsequently with filtered (0.2 pm) solutions at a pressure of
138 kPa (20 p.s.i.) with

1. 0.1 M phosphoric acid for 2 min.

2. Milli-Q water for 2 min.

3. The appropriate background electrolyte for 4 min.

Rinse capillary subsequently at a pressure of 138 kPa (20 p.s.i.)
with
1. 0.1 M phosphoric acid for 10 min.
2. 0.1 M sodium hydroxide for 10 min.
3. Milli-Q water for 10 min.
For short term (overnight) storage place capillary ends into

vials containing Milli-Q water. For long-term storage dry capillary
by purging with air at a pressure of 34.5 kPa (5 p.s.i.) for 5 min.
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After the overnight storage of the capillary rinse it next day
with steps 1-3 as described in Subheading 3.1.3. Thereafter, rinse
it at 138 kPa (20 p.s.i.) for 10 min with the appropriate back-
ground electrolyte. After the long-term storage condition the cap-
illary as described in Subheading 3.1.1.

After conditioning of the capillary (see Note 10), select the appro-
priate background electrolyte and fill into bufter vials (see Note 11).
Set data sampling rate to 4 Hz and autozero time of the detector
to 1.0 min. Set the temperature of the capillary to 20 °C. Place
samples in sample vials (see Note 12). Carry out CE measurements
at the specified parameters including UV detection wavelength and
applied high voltage. Introduce sample solutions hydrodynamically
at a pressure of 3.4 kPa (0.5 p.s.i.) for 6 s (see Notes 13 and 14).

Example 2

The example illustrates the separation of negatively charged ana-
lytes using a neutral CD in the absence of a significant EOF under
reversed polarity of the applied voltage as illustrated schematically
in Fig. lc.

Use BGE 1 as run buffer and 1,1’-binaphthyl-2,2'-diyl hydro-
genphosphate as analyte. Introduce the sample at the cathodic end
of the capillary, carry out the detection at the anodic end.

Applied voltage: —30 kV (ramp time 0.17 min).

Detection wavelength: 210 nm (bandwidth 10 nm).

Detector reference wavelength: 340 nm (bandwidth 50 nm).

Generated current under the experimental conditions:
approx. —50 pA.

A typical electropherogram is shown in Fig. 4. The weaker
complexed enantiomer (R)-(—)-1,1’-binaphthyl-2,2’-diyl hydro-
genphosphate is detected first.

The example illustrates the separation of positively charged ana-
lytes using a negatively charged CD in the absence of a significant
EOF under normal polarity conditions as illustrated schematically
in Fig. 1d.

Use BGE 2 as run bufter and ephedrine as analyte. Introduce
the sample at the cathodic end of the capillary, carry out the detec-
tion at the anodic end.

Applied voltage: +25 kV (ramp time 0.17 min).

Detection wavelength: 210 nm (bandwidth 10 nm).

Detector reference wavelength: 400 nm (bandwidth 10 nm).

Generated current under the experimental conditions: approx.
+50 pA.

A typical electropherogram is shown in Fig. 5a. The weaker
complexed (1R,28)-enantiomer migrates first.
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Fig. 4 Enantioseparation of 1,1’-binaphthyl-2,2’-diyl hydrogenphosphate using
(3-CD as chiral selector at pH 3.0

a b
1R,2S 1S2R 1S,2R
1R,2S
2 4 6 8 6 8 10 12
Time [min] Time [min]

Fig. 5 Enantioseparation of ephedrine using sulfated 3-CD as chiral selector at
pH 2.5. (@) Low selector concentration (2 mg/mL) under normal polarity of the
applied voltage and (b) exploiting the carrier ability of the selector at high con-
centrations (30 mg/mL) under reversed polarity of the applied voltage

Example 3

The example illustrates the separation of positively charged ana-
lytes using a negatively charged CD in the absence of a significant
EOF exploiting the carrier ability of the selector under reversed
polarity of the applied voltage as illustrated schematically in Fig. le.
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Use BGE 3 as run buffer and ephedrine as analyte. Introduce
the sample at the cathodic end of the capillary, carry out the detec-
tion at the anodic end.

Applied voltage: —20 kV (ramp time 0.17 min.)

Detection wavelength: 210 nm (bandwidth 10 nm).

Detector reference wavelength: 400 nm (bandwidth 10 nm).

Generated current under the experimental conditions:
approx. —100 pA.

A typical electropherogram is shown in Fig. 5b. The stronger
complexed (18,2 R)-enantiomer migrates first.

For additional practical examples of CD-mediated enantiosep-
arations in CE see [50].

4 Notes

1. CE instruments from different companies as well as different
instruments from the same supplier may yield slightly different
results even when using identical experimental conditions.
Thus, the variables may require slight changes when transfer-
ring a certain analytical method from one instrument to
another so that slight adjustment of the parameters of a pub-
lished method can be necessary.

2. Capillaries from different suppliers may lead to slightly different
separation efficiencies. Even capillaries from the same supplier
may vary to a certain extent. Thus, the purchase of larger quan-
tities of capillaries is recommended especially if a method is
intended for validated routine analysis in a regulated environ-
ment. One capillary should be used for only one application.

3. When cutting a capillary, it is important that the cut is straight
and the ends are even. Uneven capillary ends will lead to peak
tailing due to uneven injection plugs. The capillary ends should
be checked under a magnifying glass or a microscope. Moreover,
it may be advisable to burn off a few millimeters of the poly-
imide coating at the capillary ends. This will reduce carryover
and give better precision. Burning off the coating is especially
important especially when using organic solvents as buffer addi-
tives such as acetonitrile that make the polyimide swell.
Removing the polyimide from the capillary ends is not advis-
able for coated capillaries as this will damage the inner coating.

4. Randomly substituted CDs are a mixture of isomers with varying
degrees of substitution and substitution patterns (i.c., the number
and positions of the substituents are different). Therefore, CDs
from different sources and even different batches from the same
supplier may vary in this respect which may lead to varying separa-
tion selectivity or resolution depending on the batch of selector
used. In most cases the separation can be optimized by variation
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of the concentration of the chiral selector. Chemically defined
single isomer CDs are also available such as heptakis-6-sulfo-p-CD
or heptakis-(2,3-dimethyl-6-sulfo)-$-CD.

. While single isomer CDs may be preferable from the standpoint

of reproducibility of a method, superior resolution of the enan-
tiomers may also be observed using randomly substituted CDs
as compared to single isomer chiral selectors. However, it can-
not be predicted if a single isomer CD or a randomly substituted
CD will result in superior resolution for a given racemate.

. Preparation of buffers according to different procedures results

in buffers differing in ionic strength which may affect the sepa-
ration selectivity. For example, a 50 mM phosphate buffer, pH
2.5, may be prepared (1) by dissolving the appropriate amount
of 85 % phosphoric acid in a certain amount of water and adjust-
ing to pH 2.5 by addition of sodium hydroxide solution before
making up the final volume by addition of water, (2) by adjust-
ing 50 mM phosphoric acid to pH 2.5 by addition of a sodium
hydroxide solution, and (3) by adjusting 50 mM sodium dihy-
drogen phosphate (monobasic sodium phosphate, NaH,PO,)
to pH 2.5 by addition of diluted phosphoric acid. In the first
case the buffer concentration is 50 mM with respect to phos-
phate, in case (2) the molarity of phosphate is below 50 mM
and in case (3) phosphate molarity is higher than 50 mM. The
deviation from the desired molarity will depend on the concen-
tration of the sodium hydroxide solution and phosphoric acid
used for pH adjustment. Phosphate buffers at higher pH (i.e.,
pH 6.2-8.2) may also be prepared by mixing 50 mM sodium
dihydrogen phosphate (monobasic sodium phosphate,
NaH,POy) and 50 mM disodium hydrogen phosphate (dibasic
sodium phosphate, Na,HPO,) in appropriate proportions to
obtain the desired pH. Consequently, buffers differing in the
ionic strength are obtained by the various procedures. This
affects the magnitude of the EOF, the electric current, as well
as Joule heating which, in turn, affect a given separation. Too
high Joule heating may be derived from an Ohm plot.

In addition, when using different salts, e.g., the potassium or
lithium phosphate salts, or different bases, e.g., potassium
hydroxide or lithium hydroxide, for the preparation, the result-
ing buffers differ in the counterions which may also affect
a separation. Thus, careful characterization of the buffer is
required for reproducible results. In addition, buffers can only
be stored for a limited period of time even at low temperatures.

. Due to the temperature dependence of dissociation equilibria,

buffer pH should be adjusted at the temperature that is used
during the electrophoretic run. Specifically, the change of the
pK, per Kelvin (or °C) of organic zwitterionic buffers is
significant.
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. Due to the limited aqueous solubility of B-CD (approx.

18 mg/mL (16 mM) in water), urea at a concentration of
1-2 M is typically added when higher f-CD concentrations are
required for an enantioseparation. It has been shown that urea
can also affect separation selectivity.

. Nonracemic mixtures can be used in order to determine the

enantiomer migration order in a single experiment. Preparation
of such solutions is only possible if at least one of the enantio-
mers is available in the pure form.

Conditioning of the capillary is important in order to obtain
reproducible conditions of the inner wall of the capillary.
Therefore, careful preconditioning of the capillary is
required. Moreover, it is necessary to include all rinsing
steps into validation procedures when developing CE pro-
cedures for quality control.

Different vials containing the background electrolyte should
be used for rinsing of the capillary and for the analytical separa-
tion. Buffer levels should be the same in the analysis vials in
order to avoid a hydrodynamic flow due to differences in
hydrostatic pressure between the vials. The background elec-
trolyte should be replaced after a number of injections (typi-
cally between 2 and 10 injections) because of buffer depletion.
The frequency of buffer replacement depends on the buffer
capacity of the background electrolyte and the volume of the
vial. If a background electrolyte contains an organic solvent as
modifier, evaporation of the solvent may also lead to irrepro-
ducible migration times.

When using microvials, air bubbles at the bottom of the vial
should be avoided. During injection the outlet end of the cap-
illary should be placed in a vial with a constant solvent level
which is not the waste vial. A water (or buffer) plug may be
injected after sample injection to prevent sample loss by ther-
mal expansion when high voltage is switched on.

When applying hydrodynamic injection, the actually injected
amount of the sample may vary depending on the temperature
or the viscosity of the solution. Thus, adjustment of the injec-
tion time and/or pressure may be required. In the present
examples the samples were injected at ambient temperature.
Typical injection plug length in CE corresponds to approx. to
1-5% of capillary length.

After injecting the sample, the end of the capillary should be
dipped into a vial containing buffer solution or water in order
to reduce carryover of the sample into the background electro-
lyte vial used for the separation.
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Capillary Electrophoresis of Mono- and Oligosaccharides

Mila Toppazzini, Anna Coslovi, Marco Rossi, Anna Flamigni, Edi Baiutti,
and Cristiana Campa

Abstract

This chapter reports an overview of the recent advances in the analysis of mono- and oligosaccharides by
capillary electrophoresis (CE); furthermore, relevant reviews and research articles recently published in the
field are tabulated. Additionally, pretreatments and procedures applied to uncharged and acidic carbohy-
drates (i.e., monosaccharides and lower oligosaccharides carrying carboxylate, sulfate, or phosphate
groups) are described.

Representative examples of such procedures are reported in detail, upon describing robust method-
ologies for the study of (1) neutral oligosaccharides derivatized by reductive amination and by formation
of glycosylamines; (2) sialic acid derivatized with 2-aminoacridone, released from human serum immuno-
globulin G; (3) anomeric couples of neutral glycosides separated using borate-based buffers; (4) unsatu-
rated, underivatized oligosaccharides from lyase-treated alginate.

Key words Capillary electrophoresis, Neutral sugars, Glycosides, Monosaccharides, Oligosaccharides,
Alditols, Reductive amination, Glycosylamines, Sugar acids, Sugar phosphates, Carboxylated sugars,
Sulfated sugars, Glycosaminoglycans oligosaccharides, Uronic acids, Sialic acids

1 Introduction

Carbohydrates are the most abundant organic compounds in
nature. According to the published ITUPAC Recommendations
[1], the term ‘carbohydrate’ includes monosaccharides, oligosac-
charides, and polysaccharides, as well as substances derived from
monosaccharides by reduction of the carbonyl group (alditols),
by oxidation of one or more terminal groups to carboxylic acids,
or by the replacement of one or more hydroxyl group(s) by a
hydrogen atom, an amino group, a thiol group, or similar hetero-
atomic groups. Carbohydrates can also be linked to noncarbohy-
drate natural products (such as proteins or lipids) giving rise to
the so-called glycoconjugates. The term ‘sugar’ is frequently
applied to monosaccharides and lower oligosaccharides. This

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_16, © Springer Science+Business Media New York 2016
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chapter will focus on the analysis of neutral and acidic sugars by
capillary electrophoresis (CE), with special attention to mono-,
oligo-saccharides, and glycosides.

Characterization of carbohydrates is a fundamental milestone
for a full understanding of their numerous functions: besides their
structural relevance in plants and invertebrates, they play a key role
in molecular recognition events, and their structure elucidation has
a high potential in the biomedical and pharmaceutical fields for the
design of new and specific diagnostic and therapeutic tools. In par-
ticular, the biological relevance of sugar acids is increasingly being
recognized [2-11]. Acidic sugars are monosaccharides and lower
oligosaccharides carrying carboxylate, sulfate, or phosphate groups.
For example, sialic acids are involved in cell—cell interactions [2-5];
the activation of antithrombin III depends on a specific sequence
of heparin, having a characteristic sulfation pattern [6, 7]; sugar
phosphates, are involved in cell signaling pathways [9]; an increase
in sialylation is often manifested in tumors [ 10, 11], like in the case
of a2-6-linked sialic acids attached to inner GalNAc-O-Ser/Thr
units on O-glycans; Sian2-6GalNAcal-O-Ser/Thr (called sialyl-
Tn) is currently a target for attempts in cancer immunotherapy [2].
Moreover, short fragments of acidic polysaccharides have great rel-
evance in biotechnology: in alginate, for example, distribution of
mannuronic and guluronic acid strongly influence the stability,
strength, and porosity of the gels formed in the presence of cal-
cium ions [12-15]; these properties are exploited for cell encapsu-
lation, drug delivery, and tissue engineering.

Analysis of carbohydrates requires the use of highly sensitive
and selective techniques, since these compounds often constitute
highly complex mixtures, which can have a wide distribution of
branching patterns, positions and substitutions of hydroxyl groups,
and o- or f-anomericity of the glycosidic linkages: two identical
monosaccharides can potentially give rise to eleven disaccharides,
while two identical peptides can originate only one dipeptide.

Capillary electrophoresis (CE) [16-20] and chromatographic
techniques [21-30] are widely used for separation of complex car-
bohydrates mixtures, providing complementary advantages, as
demonstrated in various comparative studies [31-48].

Capillary electrophoresis (CE) provides several benefits which
are partially counterbalanced by some drawbacks with respect to
chromatographic techniques. The resolving power of CE is gener-
ally higher and analyses take place in a shorter time. It may be
claimed that this is also a feature typical of micro-HPLC or UPLC;
in CE, however, a less extensive cleanup of samples is required with
respect to HPLC, since no column fouling can take place; more-
over, postrun washes are much shorter, because not-relevant com-
pounds from the matrix can be simply flushed out. Finally, CE has
advantages in the automation of analysis, since it enables the
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application of different methods simply replacing the running but-
fer: this feature allows, for example, the automated analysis of gly-
can mixtures in various modes [48]. A few milliliters of buffer are
necessary to run a separation and no changes of columns are
required for different categories of carbohydrates. Moreover, CE
gives the possibility to analyze, together to carbohydrates, a wider
range of nonsaccharidic compounds eventually present in the matrix
[42—44, 49]: Soga and Imaizumi [42], for instance, reported the
CE analysis of underivatized sugars, inorganic anions, organic acids,
amino acids, nucleotides, in one run. Such versatility can be achieved
upon using nonselective detection modes, like indirect UV (or indi-
rect fluorescence) detection, which is successfully carried out with-
out derivatization. Indirect UV detection methodology is based on
the displacement of the chromophore (or fluorophore) in the back-
ground electrolyte by the analyte molecules [31, 42, 50-54], giving
rise to negative peaks with limits of detection (LOD) in the 10° M
range for negatively charged saccharides [44-50, 55-57]. This
LOD value is higher by two orders of magnitude for acidic sugars
with respect to that achieved for neutral sugars. On the other hand,
UV detection sensitivity in on-capillary detection is limited by the
small path length [56]. The use of electrochemical detection is
advised in such cases, since it is independent of path lengths, allow-
ing typical limits of detection equal to 108 M without derivatiza-
tion [40, 58, 59]. Alternatively, the sensitivity drawback can be
overcome upon using preconcentration techniques [60, 61] and/
or upon suitable derivatization of the saccharidic compounds with
chromophores or fluorophores. Commercially available detectors
based on laser-induced fluorescence (LIF) allow narrow focusing of
excitation light onto capillaries, leading to extremely low detection
limits, typically equal to 10" M [56].

The use of CE for the analysis of acidic and neutral sugars and
glycosides has been summarized in several books and reviews [5,
16-24, 3142, 48, 62-73]. To date, the main applications of CE
for mono- and oligosaccharides, glycosides, and alditols found in
literature include:

1. CE method developments aimed to improve resolution /sensi-
tivity for neutral [51, 74-100] and acidic sugars (including
glyconic, glycaric, uronic, and sialic acids, as well as sulfated
and phosphated sugars) [44-55, 57, 101-110];

2. Mono- and oligosaccharide composition in glycoproteins [44,
101, 111-123];

3. Analysis of sialic acids and sialylated oligosaccharides released
from glycoconjugates using sialidases or mild acidic hydrolysis
with [102, 103, 119, 124, 125] or without derivatization (UV
wavelength 195-205 nm) [10, 126-128];

4. Food and beverage analysis [31, 40, 42, 43, 52, 53, 100, 106,
129-136];
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1.1 Derivatization
of Sugars

5. Biopharmaceutical and clinical applications [46, 47,
137-150];

6. DPlant extracts [54, 91, 151-165];

7. Neutral sugars from polysaccharide hydrolysis [76, 83, 99,
166-171] and acidic sugar released from chemical or enzy-
matic digestion of polysaccharides, like polyuronic acids,
xylans, or glycosaminoglycans. This latter characterization is
carried out following two main methodologies: hydrolysis of
polysaccharides with enzymes called lyases, which give rise to
unsaturated products, and subsequent CE analysis of the
underivatized sugar acids with direct UV detection [8, 172-
1847]; other reported detection methodologies include electro-
spray mass spectrometry [185-188], indirect UV detection
[55], or derivatization with a suitable chromophore or fluoro-
phore [32, 35, 168, 184, 189-196].

8. Monitoring of reactions involving carbohydrates [197-202].

A selection of some relevant papers regarding these topics is
reported in Table 1, where experimental details as well as specific
applications are reported.

Linkage of sugars with charged chromophoric or fluorophoric tags
guarantees the lowest detection limits without renouncing to
highly selective electrophoretic separations. Sugar derivatization is
generally carried out before injection in the capillary and it is always
preferred to exploit the reactivity of one only functional group, in
order to minimize the presence of by-products. Furthermore, the
vield of the reaction should be high and reproducible. The most
widely used precolumn derivatization procedure is reductive ami-
nation, a one-pot reaction which is applicable both on neutral and
on acidic sugars. It uses suitable chromophores or fluorophores
carrying a primary amino group capable to react with the carbonyl
group of reducing sugars, in the presence of sodium cyanoborohy-
dride. In order to shift the initial equilibrium (Schiff base forma-
tion) into the direction of the condensation, at least a fivefold
excess of the derivatizing agent is necessary [56].

Derivatization efficiency depends on the nature of the sugars as
well as on the reaction conditions [94, 95, 117]. As an example,
2-aminopyridine (2-AP) is not suitable for derivatization of ketoses,
while 4-aminobenzonitrile (4-ABN), 4-aminobenzoic acid (4-ABA)
and its ethyl ester have been successfully used for the CE analysis of
fructose and sorbose [91]; glycoprotein monosaccharides, like
2-deoxy-2-acetamido-sugars, are successfully derivatized with
2-aminobenzoic acid (2-ABA in literature reported also as 2-AA)
[69, 94, 95, 148]. Concerning the reaction conditions, the yield is
related to the nature of the organic acid used as the catalyst; while
acetic acid (pK, 4.75) is the most widely employed, it has been dem-
onstrated that the highest yield for the reductive amination of
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N-linked oligosaccharides with 1-aminopyrene-3,6,8-trisulfonate
(APTS) is obtained using citric acid (pK, 3.13) or malic acid (pK,
3.40) as catalysts [ 197]. This effect is much more relevant for sugars
having N-acetylglucosamine at the reducing end. Among the chro-
mophores, 4-ABN provides a relatively high sensitivity with respect
to other chromophores [18, 56] and low values of detection limits
(LODs) [18, 35, 56, 84]. Fluorophoric tags based on laser-induced
fluorescence (LIF) detection used in reductive amination include
2-aminoacridone (AMAC) [194, 203, 204], which give rise to
unprecedented sensitivity (LODs down to the pM range [194]) and
APTS. The latter is one of the most preferred fluorescent tags in
glycan profiling [46, 47, 144-147, 205] but in the last years the use
of new fluorescent tags as O-2-[aminoethyl Jfluorescein and rhoda-
mine 110 (Rhol110)[206-208] with high quantum yields (0.24 and
0.85, respectively) has been reported since this property allows in
the case of Rhol110 reaching LODs at subamol levels [207]. A fluo-
rescent tag with peculiar behavior is pyrylium dye (Py-1), used for
derivatization of oligosaccharides analyzed by CE and MALDI-
ToF-MS; the introduction of a permanent positive charge upon
pyridinium formation is particularly advantageous in this respect.
Moreover, this tag eliminates the need to remove the excess dye
used, since the free dye is nonfluorescent [209]. Recently, the 5-ami-
nonaphtalene-2-sulfonic acid (ANSA) fluorophore has been sug-
gested [210] to give better results for CE, high-performance liquid
chromatography (HPLC), and MS applications in substitution of
APTS since ANSA is compatible with all three techniques.

For neutral sugars the linkage with tags carrying ionizable
groups guarantees highly selective electrophoretic separations:
APTS and 8-aminonaphtalene-1,3,6-trisulfonic acid (ANTS) are
extremely advantageous, since they introduce negative charges to
the sugars for a wide pH range (i.e., pH >2), with consequent
wide possibilities in the buffer composition optimization [83, 86,
87, 107, 117, 118, 192, 196, 211-213, 218]. They have been
used not only as derivatizing agents for fluorescence detection, but
also for online electrospray mass spectrometry detection and oft-
line matrix-assisted laser desorption ionization mass spectrometry
[99, 170, 214]. Another efficient derivatization strategy which
includes reductive amination is the conversion of reducing sugars
in l-amino-1-deoxyalditols and subsequent reaction with
3-(4-carboxybenzoyl)-2-quinolinecarboxyaldehyde (CBQCA) [5,
56, 101, 189] or with 5-carboxytetramethylrhodamine succinimi-
dyl ester (TRSE) [198]. Finally, condensation between carbonyl
group of reducing carbohydrates and the active hydrogens of
1-phenyl-3-methyl-5-pyrazolone (PMP) has been successfully
employed [98, 190] for the characterization of various biological
matrices [63, 73, 76] and in food analysis [215]. Table 2 reports
the structures of the most widely used derivatizing agents, together
with their main applications. Finally, selective methods are reported
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for the labeling of carboxylated carbohydrates. The first is based on
the formation of an amide bond between the carboxylate group of
the sugar and the amino group of the tag in the presence of water-
soluble carbodiimide; the amount of this catalyst has to be lower
than that of the sugar acid, in order to avoid the formation of side
products [56]. 7-aminonaphtalene-1,3-disulfonic acid (ANDSA)
[102, 155, 193, 216] and sulfanilic acid (SA) [193, 216] have
been successtully used for this approach.

In the choice of labeling procedure for glycan studies, particu-
lar care should be taken with sialoglycoconjugates since many
methods used in the structural analysis of intact glycans cause dis-
ruption of sialic acid modifications [2]. As an example, during
reductive amination of sialo-oligosaccharides, the use of catalysts
having stronger acidity than acetic acid may lead to a loss of sialic
acid. An interesting study on de-sialylation of sialyl- N-
acetyllactosamine in different conditions of reductive amination
with APTS has been reported by Evangelista et al. [117]. Other
procedures for sialic acid derivatization include condensation with
ANDSA and SA [102, 103] and perbenzoylation with benzoic
anhydride (BA) [125], reaction with ortho-diamines [65] but the
most popular agent is AMAC [119, 124, 203].

CE can be applied to monitor all the steps of manufacturing pro-
cess for glycosylation profiling and for the identification of potentially
immunogenic epitopes [ 139, 144, 146, 147]. N-glycosylation analy-
sis of mAb therapeutics includes several steps: chemical or enzymatic
digestion to release the N-glycans, fluorescence labeling, sample puri-
fication/desalting, and CE separation. For the N-glycan release,
PNGase-F digestion is the most common approach, supported also
by the use of a pressure-cycling technology to increase the speed of
enzymatic glycans release [214]. Identification of glycan peaks is usu-
ally done on the basis of retention times of peaks in comparison with
a maltose ladder used as reference (GU glucose units are used for this
comparison). For the sequence elucidation the support provided by
databases based on specific digestions with exoglycosidases aids in the
CE-LIF data interpretation [ 145, 146] and the coupling to methods
like MS completes the structural and compositional information
[217]. An interesting application is the use of phospholipids as addi-
tives to obtain an in-capillary cleavage of terminal glycan residues
with exoglycosidases reducing at the same time the enzyme con-
sumption [212, 219]. Finally when the structures present in a mix-
ture are known, CE can be used as a high-throughput profiling tool.
Also in this case APTS is the tag the most used for N-glycan analysis
but the use of other tags is increasing. Rhol10 enables the separation
of sialo-oligosaccharides and asialo-oligosaccharides with a simple
running buffer change [208], 2-ABA revealed the presence of minor
peaks not visible with APTS derivatization [148] and ANTS is view-
ing the development of a database for CGE-LED-induced fluores-
cence (CGE-LEDIF) based glycans profiling [ 146].
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1.2 Underivatized
Sugars

A disadvantage of all the previously mentioned derivatization
strategies is that they are destructive. Nevertheless, some approaches
have been proposed to minimize the sample consumption.

The first is on-capillary derivatization, which reduces the sam-
ple volume by two-three orders of magnitude [98, 140].

A second approach, the so-called dynamic labeling of carbohy-
drates, has been mainly used for cyclodextrins, which have the
capacity to form inclusion complexes with charged fluorophores or
chromophores added in the separation buffer increasing electro-
phoretic migration as well as the detection [85, 220].

A third interesting approach gives the possibility to reconvert
the labeled products in the starting sugars and is based on the for-
mation of chromophoric or fluorophoric glycosylamines; this strat-
egy has been reported for both HPLC and CE analysis of reducing
sugars: as an example, formation of N-(2-pyridinyl)-glycosylamines
has been successtully used to label malto-oligosaccharides or pul-
lulan oligomers prior to their HPLC analysis [200, 221]; glycosyl-
amines originated from reaction with 4-aminobenzoic acid and
various disaccharides have been analyzed with CE and negative-
mode electrospray mass spectrometry: the glycosylamines approach
turned out to provide more information on linkage and anomeric
configuration than reductive amination [97, 222]. Another proce-
dure based on the formation of glycosylamines consists in the
preparation of l-amino-1-deoxy-derivatives from the reducing
sugars, which can then react with acylic groups of suitable tags like
9-fluorenyl-methyloxycarbonyl chloride (Fmoc) [199, 223]. In all
the cases related to the glycosylamines-based strategies, the start-

ing oligosaccharides can be recovered from glycosylamines upon
weak acid hydrolysis [199, 200, 221, 223].

Direct UV detection can be typically carried out for acidic mono-
and oligo-saccharides, especially when acetyl groups are present, or
when unsaturated linkages are generated by some enzymatic treat-
ment. Many buffer compositions can be chosen to separate such
compounds [8, 127, 128, 172-184, 188], ranging from values
close to pK, to alkaline buffers, due to the presence of acidic
groups; some examples are reported in Table 1.

Separation of neutral underivatized sugars is typically accom-
plished by the use of highly alkaline buffers. Highly alkaline bufters
(pH>12) are capable to induce acidic dissociation of underivatized
sugars (11.9<pK,<12.8) and of alditols (pK,~13.5) [65], which
can migrate in the capillary through zone electrophoresis. This
analysis mode is normally associated to electrochemical, mass spec-
trometry, or indirect ultraviolet/fluorescence detection [34, 72,
100, 106, 110, 133, 134, 224]. Electrochemical detection allows
the highest sensitivity achievable for underivatized carbohydrates
[56], contactless conductivity detection (C*D) has also been used
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as detection mode for the analysis of low-molecular saccharides
with LODs lower than 1 pM [100]. Upon using volatile bases in
the separation buffer, negative-mode electrospray mass spectrom-
etry turns out to be a suitable detector for alditols, reducing and
nonreducing neutral sugars [ 133]. When coupled with highly alka-
line bufters, the most common UV or LIF detectors are success-
tully used in “indirect” mode, which is based on the displacement
of the chromophores or fluorophores in the background electro-
lyte by any charged molecule in the sample, resulting in negative
peaks [45, 56]. LODs in indirect UV (or fluorescence) depend on
the nature of the chromophore (or fluorophore) in the background
electrolyte as well as on the type of sugar: for instance, neutral car-
bohydrates analyzed with indirect UV detection show typical
LODs equal to 10* M while, in the same analysis conditions, sugar
acids have LOD values of 10¢ M [31, 55, 56]. The separation
efficiency of CE using highly alkaline buffers shows a 10- to 20-fold
increase with respect to HPAEC-PAD [34]. It should be men-
tioned that the use of highly alkaline buffers is advised not only for
nonreducing sugars, but also for reducing sugars, when some rel-
evant matrix components can be degraded under the typical
derivatization conditions.

A direct UV method proposed by Rovio et al. for the separation
under extremely high alkaline conditions permits the detection of
neutral carbohydrates. In this approach neutral sugars are analyzed
under their alcholate form and their direct UV detection which is
claimed to be due to the absorption of the enediolate at 270 nm [49,
153,224, 225]. Recently, the method proposed by Rovio et al. spe-
cific for neutral sugars has been implemented reversing the EOF
through the addition of the CTAB surfactant allowing the simulta-
neous determination of uronics acids and neutral sugars [110].

The use of borate-based buffers is widespread for the CE analysis
of carbohydrates [18, 64, 68, 72, 74-76, 84, 90, 92,95, 97, 102,
105, 140, 155,200,201, 207,209,211, 226]. Using such separa-
tion electrolyte, sugars can be converted in situ to anionic borate
complexes. The stability of the mentioned complexes depends on
the pH (typically, comprised between 7 and 10); moreover, it is
related to the configuration of the hydroxyl groups involved in the
interaction with boron: for cyclic carbohydrates, only vicinal
hydroxyl groups with czs configuration can form stable complexes;
for polyols, cis-1,2-diols are preferred in complexation over trans-
1,2-diols; moreover, in general the stability of complexes increases
with the number of hydroxyl groups [75, 105]. These features
imply that borate-based buffers can exert a strong influence on the
selectivity of the electrophoretic separation of carbohydrates, since
the differential stability of in situ formed complexes contributes to
the mobility of the analytes. Besides the introduction of the charge,
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borate—carbohydrate complexes show an increase in UV response
at 195 nm with respect to uncomplexed carbohydrates. As a con-
sequence, borate-based buffers can make sugars suitable for CE
analysis without the need of derivatization [75]. Indeed, the use of
borate-based bufters is one of the methods of choice for capillary
electrophoresis of glycosides, since they are not amenable to
derivatization. The influence on separation selectivity and UV
detection sensitivity explains why borate buffers are very often
used for both derivatized and underivatized carbohydrates.

In the following sessions, some representative examples of CE
analysis of neutral and acidic sugars will be shown, including exper-
imental procedures.

Two different examples of reducing sugars derivatization will
be illustrated: one for aldoses with ANTS, and another one revers-
ible derivatization employing Fmoc with it subsequent removal.

Additionally, two representative examples of sugars analysis
without derivatization will be shown: the first will be relative to CE
analysis of allyl glycosides (usefulness of the borate complexation)
while the second procedure will regard the study of unsaturated
oligosaccharides arising from the treatment of an alginate sample
with G-lyase [184]; this CE methodology can be extended to other
relevant lyase-treated acidic polysaccharides, like
glycosaminoglycans.

2 Materials

2.1 Derivatization
of Reducing Sugars

2.1.1 Derivatization
with ANTS (Dextrans)

2.1.2 Derivatization

of Sugars by Conversion
to Glycosylamines

and Reaction

with N-Fluorenyl-
Methiloxycarbonyl (Fmoc)
Chloride

1. Samples: Dextran 1000 standard (Fluka, Buchs, Switzerland).

2. Reagents for derivatization: sodium cyanoborohydride (Sigma,
St. Louis, MO, USA), ANTS (Fluka, Buchs, Switzerland),
dimethylsulfoxide, orthophosphoric acid 85%, glacial acetic
acid (Merck, Darmstadt, Germany)

3. CE buffer: 50 mM sodium phosphate bufter pH 2.5.

1. Samples: p-galactose, p-glucose and lactose (Sigma, St. Louis,
MO, USA).

2. Reagents for devivatization: ammonium hydrogen carbonate,
concentrated  ammonia,  N-fluorenyl-methyloxycarbonyl
(Fmoc) chloride, sodium hydrogen carbonate (NaHCO3),
dioxane and methanol (all reagents from Sigma, St. Louis,
MO, USA); the structure of Fmoc is reported in Table 2.

3. Reagent for Fmoc vemoval: 15% aqueous ammonia solution
(diluted from 28% ammonium hydroxide, Sigma, St. Louis,
MO, USA).



Capillary Electrophoresis of Mono- and Oligosaccharides 317
Table 2
Main derivatizing tags suitable for CE analysis of neutral and acidic sugars
Derivatizing agent Detection Carbohydrates species References
SO, UV (200 nm) Fuc, Glc, Gal, Ara [140]
HN
N2 gz
p-Hydrazine-benzenesulfonic
acid
“o,8 NH, LIF (Agxc: 455 nm;  N-linked oligosaccharides [46, 47,
O Aem: 512 nm) GalNAc, GlcNAc, Rha, Man, Glc, Fru, 117,
UV (254 nm) Xyl, Fuc, Gal, Maltooligosaccharides ~ 143—
‘O (with up to 18 Glc residues) 147,
O GalNAc, GlcNAc, Rha, Man, Glc, Xyl, 205]
: ; Fuc, Gal, Ara, Rib, Gentibiose, [86]
g SOs 4TS maltose, Lac, Cell, Melibiose, [87]
1-Aminopyrene-3,6,8-trisulfonic Maltotetraose and its a-1-6 isomer, [107]
acid Sialyllactose [119]
PolyGalA, GalA, and triGalA [170]
GalNAc, GIcNAc, Man, Glc, Gal, Fuc, [202]
GlcNAc-Gal [119]
Mannooligosaccharide caps from [196]
Mycobacterinm tuberculosis H37rv
mannosylated lipoarabinomannans
(ManLAMs)
Gluco-oligosaccharide regioisomers
with a degree of polymerization
(DP) ranging from 2 to 9; several
glucose disaccharide regioisomers
Neu5Ac and neutral sugars.
GlcA and neutral sugars
NH, SO; LIF (Agxc: 370 nm;  Glc, Maltose and linear malto- [83]
Aem: 520 nm) oligosaccharides (with up to 40 Glc [99]
OO UV (214 ¢ 223 nm)  residues) [146]
loa .- Malto-oligosaccharides [192]
& SANTS N-linked oligosaccharides [213]
8-Aminonaphtalene-1,3,6- GalA oligomer
trisulfonic acid Dextran (Mw 1000 and 5000)
So; LIF (Agxc: 315 nm;  Neu5Ac, gluconic acid, GalA, glyceric  [102]
HN Aem: 420 nm) acid [103]
UV (247 nm) Sialooligosaccharides [202]
OO D,L-Ribose [193]

SO; ANDsA
7-Aminonaphtalene-1,3-
disulfonic acid

Chondroitin sulfates saccharides

(continued)
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Table 2
(continued)
Derivatizing agent Detection Carbohydrates species References
CH,CH,NH, UV (220 nm) Rha, Cell, Xyl, Rib, Melibiose, Ara,  [165]
N\ Glc, Man, Fuc, Gal, GlcA, and
D-thyminose
\
H Tryptamine
COOH UV (214 nm) N-linked oligosaccharides (69, 148]
NH, GalNAc, GlcNAc, Rib, Fuc, Glc, Man, [94]
Gal [95]
2-ABA GalNAc, GlcNAg, Rib, Fuc, Glc, Man,
2-Aminobenzoic acid Gal, GlcA, GalA
COOH LIF (Agxc: 325 nm;  N-linked oligosaccharides [143]
Aem: 405 nm)
NH23-4BA
3-Aminobenzoic acid
COOH UV (285 nm) 12 Disaccharides containing Glc, Man [97]
and Gal
NH,  4.4BA
4-Aminobenzoic acid
0,8 LIF (Agxc: 363 nm;  a-, f- and y-cyclodextrins [85]
/@ Ao 424 nm)
N
H
2,6-ANS
2-Anilinonaphtalene-6-sulfonic
acid
UV (260 nm) Gle, Gal and Lac previously converted [199]
. in the corresponding glycosylamines
A
cl O Fmoc
N-fluorenyl-methyloxycarbonyl
chloride

(continued)
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Derivatizing agent

Detection

Carbohydrates species

References

CN

NH, 4 ABN
4-Aminobenzonitrile

(0]

OO
N

H AMAC

2-Aminoacridone

Og_ O—CHLH,

NH, Ethyl
4-aminobenzoate

NH,

SN
Z 2-AP
2-aminopyridine
(¢]

X
O Pz O
N CHO COOH

CBQCA
3-(4-Carboxybenzoyl)-2-
quinolinecarboxyaldehyde

UV (285 nm)

LIF (Agxc: 425 nm;

Aem: 520 nm)

UV (305 nm)

UV (240 nm)

LIF (AEXC: 457 nm;

Aem: 552 nm)

ManA oligomers

Neutral mono-, di- and trisaccharides
(Maltotriose, Maltose, Lac, L-Rha,
D-Lyx, D-Xyl, Cell, Melibiose,
L-Sorbose, D-Rib, D-Glc, D-Fru,D-
Man, L-Ara, D-Fuc, D-Gal); sugar
acids (D-GlcA, D-GalA)

Gal, Fuc, Ara, Man, Fru, Glc, Lac,
GlcNAc, Rib, Sorbose, Xyl,
Melibiose, Cell, Lyx, Maltose, Rha,
Maltotetraose, GalNAc,
Gentiobiose, Maltotriose, 2-deoxy-
Rib, GlcA, GalA, ManA, Sialic acid
(Neu5Ac)

Isomaltose, maltose, Glc,

Glcal - 6Glcal - 6Glc,
Glcal - 6Glcal - 4Glc
GalA, GIcA

Sialic acid (Neu5Ac)

Neub5Ac, cinnamic acid, GlcA, GalA
and neutral sugars

Variously sulfated chondroitin/
dermatan A-disaccharides

GAG-derived disaccharides

Gal, Fuc, Ara, Man, Fru, Glc, Lac,
GlcNAg, Rib, Sorbose, Xyl,
Melibiose, Cell, Lyx, Maltose, Rha,
Maltotetraose, GalNAc,
Gentiobiose, Maltotriose, 2-deoxy-
Rib, GlcA, GalA, ManA, Sialic acid
(Neub5Ac)

GalA, GlcA, Gal, GalNAc, Ara, Fuc,
Rha, Xyl, Lyx, GlcNAc, Glc, Rib

GlcN, GalN, 1-amino-1-
deoxyglucosamine, 1-amino-1-
galactosamine,
6-amino-6-deoxy-glucose,
glucosaminic acid, galactosaminic
acid, 1-amino-1-deoxyglucose,
1-amino-1-deoxygalactose,
2-amino-2-deoxyglucose,
2-amino-2-deoxygalactose

glucosaminic acid, GlcA, Glc6P, and
neutral sugars

[35, 184]
[84]

[91]
[200]
[84]

[119]
[119, 124]
[194]
[203]

[91]

[74]

[101]
[101, 189]

(continued)
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Table 2
(continued)
Derivatizing agent Detection Carbohydrates species References
UV (245 nm) Xyl, Ara, Rib, Lyx, Glc, All, Alt, Man, [76]
J\_\< Ido, Gul, Tal, Gal, Oligoglucans [77]
2 (up to 13 glucose residues [98]
Ara, Rib, Gal, Glc, Lyx, Xyl and Man, [190]
Fuc, GalNAc, GlcNAc [215]
Maltooligosaccharides

Chondroitin sulfate disaccharides

Lac, Mal, Gen, Mel, Cel, Gal, Man,
Gle, GalNAc, GleNAg, Rib, Lyx,
Xyl, Ara.

1-Phenyl-3- methyl—Z—pyrazolin—
UV (200 nm) D/L-Glc, D/L-All [161]

phenylcthylamme

5-one
ﬁ
(-)-1
o UV (231 nm) Sialic acids [125]

BA
Benzoic anhydride

IR UV (245 nm) Monosaccharides, uronic acids, [168]
\C(j LIF xylooligosaccharides, xylan-derived
N™ 6-A0Q (Aexe=270 nmy; acidic oligosaccharides
Aminoquinoline Aem>495 nm)
O UV (247 nm) Neu5Ac, gluconic acid, GalA, glyceric [102]
acid [105]
Sulfanilic acid Xylonic acid, MeGlcA, aldobiuronic

acid, aldotriuronic acid,
aldotetrauronic acid

NH,* LIF (Agxc: 488 nm;  Glc, Man, Gal, Rib, Xyl, Fuc, [207]
HoN © Q Aem: 530 nm) GalNAC, GlcNac and ManNac [208]
O ¢ 00" from glycoproteins
Q N-linked oligosaccharides
Rholl0

rhodamine 11

BF4 LIF (Aexc: 546 nm;  N-glycans [209]
Aem: 570 nm)

Pyrylium dye

(continued)
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Table 2
(continued)

Derivatizing agent Detection Carbohydrates species References

N _OH LIF (Agxc:325 nm;  N-linked oligosaccharides mixture [210]

S\\ Aem: 520 nm)
0 HPLC

(Aexc:325 nm;

Wiy ANSA Agm: 475 nm)
5-Aminonaphtalene-2-sulfonic =~ MALDI-ToF-MS
acid linear negative
ion mode

2-ABA 2-aminobenzoic acid, 3-ABA 3-aminobenzoic acid, 4-ABA 4-aminobenzoic acid, 4-ABN 4-aminobenzonitrile,
6-AQ 6-aminoquinoline, A/l allose, Alt altrose, 2,6-ANS 2-anilinonaphtalene-6-sulfonic acid, ANTS 8-aminonaphtalene
-1,3,6-trisulfonic acid, APTS l-aminopyrene-3,6,8-trisulfonate, Ara arabinose, BA Benzoic anhydride, BCDC
N-benzylcinchonidinium chloride, BGE background electrolyte, BHZ p-hydrazine-benzenesulfonic acid, CBQCA
3-(4-carboxybenzoyl)2-quinoline-carboxyaldehyde, CCD contactless conductivity detection, Cell cellobiose, CGE capil-
lary gel electrophoresis, CIEF capillary isoelectric focusing, CITP capillary isotachophoresis, CTAB cetyltrimethylam-
monium bromide, CTAH cetyltrimethylammonium hydroxide, CZE capillary zone electrophoresis, DEA diethylamine,
DNBA 3,5-dinitrobenzoic acid, 4-Rib 2-Deoxyribose, ED electrochemical detection, ESI-MS electrospray ionization-
mass spectrometry detector, FACE fluorophore-assisted carbohydrates electrophoresis, Fru fructose, Fuc fucose, Gal
galactose, GalA galacturonic acid, Ga/N galactosamine, Ga/NAc N-Acetylgalactosamine, Glc glucose, GlcA glucuronic
acid, GIcN glucosamine, GleNAc N-Acetylglucosamine, Gul gulose, HDB hexadimethrine bromide, HPAEC high per-
formance anion-exchange chromatography, Ido idose, Lac lactose, LIF laser-induced fluorescence, LOD limit of detec-
tion, Lyx lyxose, MALDI-TOF matrix-assisted laser desorption/ionization-time of flight-mass spectrometry detector,
Man mannose, MEKC micellar electrokinetic capillary chromatography, MS mass spectrometry detector, 7.4. not avail-
able, NAA 1-naphthylacetic acid, NACE non aqueous capillary electrophoresis, Ne#5Ac N-Acetylneuraminic acid, PAD
pulsed amperometric detection, PAGE polyacrylamide gel electrophoresis, PDC 2,6-pyridinedicarboxylic acid, PEG poly-
cthylene glycol, PF-MEKC partial filling MEKC, PMP 1-phenyl-3-methyl-2-pyrazolin-5-one, PNP p-nitrophenol, Rha
rhamnose, RI refractive index detector, Rib ribose, RT room temperature, SA sulfanilic acid,, S/N signal /noise ratio,
SDS sodium dodecyl sulfate, szd standard, Ty tagatose, Tal talose, TBAB tetra-butylammonium bromide, TEA triethyl-
amine, TFA trifluoroacetic acid, TOA thermooptical absorbance, UV ultraviolet detector, Xy/ xylose

4. Reagent for sugar regeneration: 2% aqueous acetic acid solution
(diluted from glacial acetic acid, Sigma, St. Louis, MO, USA).

5. CE buffer:- 20 mM borax+25 mM sodium dodecylsulfate
(SDS) pH 9.2 (all reagents from Sigma, St. Louis, MO, USA).

2.2 Analysis of 1. Samples:. O-allyl-a-p-glucopyranoside, O-allyl-p-p-
Underivatized Sugars glucopyranoside, and O-allyl-a-p-galactopyranoside (from
Glycon Biochemicals, Luckenwalde, GER); O-allyl-B-pn-
galactopyranoside previously synthesized according to the
procedure reported in literature [201]. a- and p- C-allyl galac-

2.2.1 Use of Borate-
Based Separation Buffers

for Gl},/ closiclies , topyranosides and glucopyranosides were synthesized follow-
(ldentification of Anomeric ing the protocol reported in Note 1.

Forms of 0-and C-Allyl )

Glycosides) CE buffer: C-allyl-glycosides: 100 mM borax+ 100 mM SDS

(pH 9.2); O-allyl-glycosides: 25 mM borax+250 mM SDS
(pH 9.2) (all reagents from Sigma, St. Louis, MO, USA).
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222 CZE-UV

of Unsaturated,
Underivatized Acidic
Sugars Released
from Alginates

2.3 Equipment

1.

Samples: unsaturated oligomers (2 mg/mL of freeze-dried
mixture in water) released from alginate upon treatment with
G-lyase (from Klebsielln Pneumoniae; from the University of
Science and Technology NTNU, Trondheim, Norway) as pre-
viously described [184]. Alginate sample (containing 47 % o-1-
guluronic acid) was prepared treating poly-mannuronic acid
with recombinant mannuronan C-5 epimerase [184], AlgE4,
an enzyme which catalyzes the in-chain epimerization of §-D-
mannuronic acid in a-L-guluronic residues in the last step of
alginate biosynthesis.

CE buffer: 50 mM sodium tetraborate (pH 9.2) (from Sigma,
St. Louis, MO, USA).

High-performance capillary electrophoresis (CE) system
(Applied Biosystems Model 270A-HT; Foster City, CA, USA),
with Turbochrom Navigator (4.0) software. High-performance
capillary electrophoresis  system from Hewlett-Packard
(Agilent, Waldbronn, Germany), Model HP**CE, with HP
Chemstation software (Subheading 2.1.1).

Uncoated fused silica column (Supelco, St. Louis, MO, USA);
inner diameter (ID): 50 pm; capillary length: 72 ¢cm (50 cm to
detector) (Subheadings 2.2.1 and 2.2.2). Fused silica column
with extended light path (Agilent technologies, Waldbronn,
Germany); ID: 50 pm; capillary length: 104 cm (95.5 cm to
detector) (Subheading 2.1.1); Detection: UV on-column
220 nm (Subheading 2.1.1), 260 nm (Subheading 2.1.2);
195 nm (Subheading 2.2.1); 232 nm (Subheading 2.2.2).

C18 cartridge (Sep-Pak®, 10 g).

Nylaflo membrane filters 0.45 pm (Sigma, St. Louis, MO,
USA).

Bio-Gel P2 (Bio-Rad, Hercules, CA, USA).

Filters: 0.45 pm pore size membrane (Millipore, Billerica, MA,
USA).

Dry-bath heating block.

3 Methods

3.1 Derivatization
of Neutral Reducing
Sugars

3.1.1 Derivatization
with ANTS

Conversion of dextran oligosaccharides in the corresponding
ANTS derivatives: mix a solution containing 0.2 M ANTS
(85% water, 15% glacial acetic acid) and dextran mixture
(15 mg/mL) with a solution containing 1 M of sodium cyano-
borohydride in DMSO. Leave the mixture for 12 h at
40 °C. Upon storage at +4 °C of the derivatized solution, no
degradation was observed for 4 weeks (no further stability
points collected) [213].
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Rinse the capillary for 2 min with water (pressure 950 mbar).

Condition the capillary by flushing with separation buffer for
4 min (pressure 50 mbar)

Inject the sample at cathode for 12 s at 50 mbar

CE conditions: voltage: 25 kV (reversed polarity); detection:
195, 220 and 270 nm; temperature: 25 °C; buffer: 50 mM
sodium phosphate bufter, pH 2.5.

Figure 1 shows the electropherograms relative to the analysis
of dextran 1000 oligosaccharide derivatized with ANTS.

Conversion of glucose, galactose, and lactose in the corre-
sponding glycosylamines: dissolve the reducing sugar (0.2 M)
in an aqueous solution containing ammonia (16 M) and
ammonium hydrogen carbonate (0.2 M). Leave the mixture
for 36 h at 42 °C [199] (see Note 2).

Derivatization of glycosylamines with Fmoc: prepare 5 mL of
a solution containing 0.1 mmol of glycosylamine in saturated
aqueous sodium hydrogen carbonate; add this solution to
5 mL of Fmoc-Cl (0.4 mmol) in dioxane; stir the resulting

4
[o)
HO °
HO
OH
5 o
OH
HO
HO
OH _
NH SO,
6 T 0,87 i! i! ~so;
7

20 30

60 70 min

Fig. 1 CZE-UV analysis of dextran 1000 derivatized with ANTS (7.5 mg/mL); buffer: 50 mM phosphate pH 2.5;
voltage: 25 kV (reversed polarity); wavelength: 220 nm (reprinted with permission from J Chromatogr A 1149,

38-45, Copyright Elsevier [213])
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mixture overnight at ambient temperature. Load the sample
on a C18 cartridge conditioned in water, wash it with water to
remove salt and reducing carbohydrates, and then with metha-
nol to recover the condensation product (see Note 3).

3. Rinse the capillary for 2 min with a 0.1 N NaOH solution at a
vacuum pressure of 67.6 kPa.

4. Condition the capillary by flushing with separation bufter for
4 min at a vacuum pressure of 67.6 kPa.

5. Inject the sample under vacuum at a pressure of 16.9 kPa for 1.5 s.

CE conditions: voltage: 20 kV; detection: 260 nm at the cathode;
temperature: 30 °C; bufter: 20 mM borax+25 mM SDS, pH 9.2.

7. Figure 2 shows the electropherograms relative to the analysis
of glucose, galactose, and lactose converted in the correspond-
ing glycosylamines and derivatized with Fmoc (see Note 4).

8. Fmoc removal: keep the solution of glycosylamine-Fmoc
(0.2 mmol, 20 mL) in 15% ammonia overnight at ambient
temperature. Filter (Nylon, 0.45 pm), concentrate and freeze-
dry the resulting mixture.

9. Recovery of the starting reducing sugar: glycosylamines are
hydrolyzed with 2% aqueous acetic acid solution (2 mL) at
65 °C for 2 days.

10. An alternative nondestructive derivatization of carbohydrates
based on the formation of glycosylamines is reported in Note 5.

3.2 Analysis of 1. Wash for 2 min the capillary at a vacuum pressure of 67.6 kPa
Underivatized Sugars with NaOH 0.1 N.

321 Use of Borate- 2. Condition for 2 min the capillary by flushing the working buf-
Based Separation Buffers fer under a vacuum pressure of 67.6 kPa.

for Glycosides 3. Load the samples under vacuum at a pressure of 16.9 kPa for
(Identification of Anomeric 1.5s.

Forms of 0-and C-Aly! 4. CE conditions: voltage: 15 kV; detection: 195 nm at the cath-
Glycosides) ode; temperature: 30 °C; bufter for C-allyl-glycosides: 100 mM

borax+ 100 mM SDS (pH 9.2); buffer for O-allyl-glycosides:
25 mM borax+250 mM SDS (pH 9.2).

5. Figure 3 shows the electropherograms relative to a mixture of
a-and P-C-allyl glucopyranosides (a) and galactopyranosides
(b) (see Note 6) diluted 1:10 with water before injection in the
CE system.

6. Figure 4 reports the results of the electrophoretic analysis of
a- and B-O-allyl-galactopyranosides and o- and f-O-allyl-
glucopyranosides (4.5-5 mM).

7. The presence of borate and SDS in the separation buffer

improved both separation selectivity and detection sensitivity
(see Notes 7 and 8).
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a
Glc-1-NH,
0.04 -
0.00 r | * *
b
0.08 - Gal-1-NH,
5
<
54
g 0.041-
2
2
O
<
0.00 r * *
(o]
Lac-1-NH,
0.04
Lactulose-2-NH,
o A
0.00 r : :
0 5 10 15 20

Time (min)

Fig. 2 MEKC-UV of: (a) glucose (0.8 mg/mL); (b) galactose (1.26 mg/mL); (c)
lactose (1.0 mg/mL), all converted in glycosylamines and derivatized with Fmoc.
Operative conditions: voltage: 20 kV; detection at 260 nm (cathode); tempera-
ture: 30 °C; buffer: 20 mM borax +25 mM SDS, pH 9.2 (reprinted with permis-
sion from J Carbohydr Chem 20, 263-273, Copyright CRC Press [199])

1.

Wash the capillary for 2 min with 0.1 M NaOH and subse-
quently with bufter for 4 min (vacuum pressure, 67.6 kPa).

2. Load sample under vacuum at a pressure of 16.9 kPa (1.5 s).

3.

4.

CE conditions: voltage, 15 kV; detection, 232 nm (at cathode);
temperature, 27 °C; buffer, 50 mM tetraborate (pH 9.2).

Figure 5 shows the CE analysis of underivatized alginate oligo-
mers released from alginate, after G-lyase digestion.
Unsaturated tetramer and dimer were the major constituents
of the hydrolysis mixture; this result confirmed that AlgE4
works by a processive mode of action [184].
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Fig. 3 MEKC-UV analysis of C-allyl-galactopyranosides (panel a) and C-allyl-
glucopyranosides (panel b) anomeric mixtures from crude synthesis mixtures
diluted 1:5 with water. Operative conditions: voltage: 15 kV; detection: 195 nm at
the cathode; temperature: 30 °C; buffer: 100 mM borax +100 mM SDS pH 9.2
(see Note 6) (Figure content selected with permission from Figs. 1 and 2 of the
following article: Rossi M., Campa C., Gamini A. et al., (2006) J Chromatogr A
1110, 125-132, Copyrights Elsevier [226])

4 Notes

1. Procedure for the synthesis of C-allyl-galactospyranoside and
C-allyl-glucopyranoside anomeric couples: glucose or galac-
tose pentaacetate (1 mmol) in dichloroethane (2 mL) with
allyl trimethylsilane (5 EQ) and boron trifluoride diethyl ether-
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Fig. 4 MEKC-UV analysis of a mixture of 5 mM O-allyl-a-glucopyranoside (1), 4.5 mM 0-allyl-p-glucopyranoside
(2) 4.5 mM O-allyl-B-galactopyranoside (3) and 5 mM O-allyl-o-galactopyranoside (4). Operative conditions:
voltage: 15 kV; detection: 195 nm at the cathode; temperature: 30 °C; buffer: 25 mM borax + 250 mM SDS, pH
9.2 (Figure content reproduced with permission from Fig. 6 of the following article: Rossi M., Campa C., Gamini
A. et al., (2006) J Chromatogr A 1110, 125—132, Copyrights Elsevier [226])

0.016 —

0.008 —

Absorbance (232 nm)

Tetramer Dimer

NS

30

40 50 60
Time (min)

Fig. 5 CE analysis of underivatized, unsaturated alginate oligomers released from 47 % GulA alginate after
G-lyase digestion. Operative conditions: buffer: 50 mM sodium tetraborate (pH 9.2); voltage: 15 kV; UV detec-
tion: 232 nm; temperature: 27 °C (reproduced with permission, from Campa, C., Holtan, S., Nilsen, et al. (2004),
Biochem J, 381, 155—-164. Copyrights The Biochemical Society) [184]
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ate (5 EQ) were heated at 60 °C overnight. After extraction
and purification with flash chromatography, the products were
deacetylated in methanol solution (5 mL) with 2 mL of 0.5 M
sodium methoxide overnight under reflux (all reagents from
Sigma, St. Louis, MO, USA) [226].

Glycosylamines are readily hydrolyzed in neutral or weakly acidic
solutions [ 199, 223]. The pH of the reactions in which glycosyl-
amines are involved should not be comprised in this range, in
order to avoid the formation of the starting reducing sugars.

Typically, the yield of the synthesis of glycosylamines is 75%
[199]. Considering that subsequent reaction with Fmoc is
quantitative, the value of the yield of the overall derivatization
procedure is 75 %. Careful calibration with standard amounts of
sugars must be carried out for a reliable quantitative analysis.

The presence of lactulosylamine-Fmoc (Fig. 2, panel ¢) is orig-
inated by the isomerization of lactose in the highly alkaline
conditions in which glycosylamines are synthesized [199].

Another convenient nondestructive derivatization of carbohy-
drates is formation of N-(2-pyridinyl)-glycosylamines with the
use of 2-aminopyridine (2-AP, structure in Table 2)
(Amax =240 nm). This reaction gives rise to UV-detectable gly-
cosylamines: sugar (10 mg) is dissolved in 500 pL of aqueous
2-AP solution at pH 7 (prepared by dissolving 1 g of 2-AP in
0.8 mL 6 N HCl and 1.6 mL of water) at 65 °C for 10 h [200,
221]. The regeneration of the original sugars is an acidic
hydrolysis with 2% aqueous acetic acid solution (2 mL) at
65 °C for 2 days.

The attribution of the peaks was possible by comparing the
migration times obtained with the analysis of a solution con-
taining 95% of a-anomer and 5% of P-anomer; this was
achieved by simply performing the synthesis in acetonitrile
instead of dichloroethane (se¢ Note 2).

Comparison between the results obtained using borate-based
buffers and acetate-based buffers (195 nm) demonstrated that
complexation of glycosides with borate implies an increase in UV
response of two times for glucosides and four times for galacto-
sides. This different behavior reflects the different stabilities of
the borate complexes for galactosides and glucosides [75].

The peculiar behavior of the galactoside and glucoside ano-
meric couples can be attributed to the various stabilities of
borate—glycoside complexes as well as to the interaction with
SDS micelles.
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Chapter 17

Use of Capillary Electrophoresis for Polysaccharide
Studies and Applications

Amelia Gamini, Anna Coslovi, Mila Toppazzini, Isabella Rustighi,
Cristiana Campa, Amedeo Vetere, and Sergio Paoletti

Abstract

CE applications to charged polysaccharides are briefly reported. A simple procedure is presented to determine
the esterification degree of a hyaluronan derivative. In this case the degree of substitution was as low as 14 %.

The molecular weight distribution of mannuronic oligosaccharides mixture produced by hydrolysis of
native polymannuronic is readily calculated from peak area of the species resolved by CE on the basis of a
specific degree of polymerization.

The influence of the applied electric field strength on the free solution mobility of hyaluronan samples
is briefly addressed for molar masses of the order of 10° and 10° g/mol. The data are compared with the
results obtained for a 50 % galactose substituted HA.

Mobility data obtained as a function of buffer pH for a native HA sample as well as for two galactose-
amide HA derivatives, having slightly different degrees of substitution, are presented and discussed in
terms of the polymer charge density parameters &.

In most cases, more questions than answers arise from the application of CE to charged polysaccha-
rides. However, perspectives are disclosed for a further understanding of the reliability of CE applied for
the structural elucidation of such macromolecules.

Key words Charged polysaccharides, Hyaluronan, Capillary electrophoresis, Electrophoretic mobil-
ity, Charge density, Molar mass distribution, Random degradation, Glycoconjugates

1 Introduction

In the polysaccharide field capillary electrophoresis studies have
followed two main streams: one is dealing mainly with identifica-
tion and quantification of native biopolymers in pharmaceuti-
cals, biological samples, and foods [1-26]. The other with the
elucidation of chemical structure in terms of molar mass, poly-
dispersity, and degree of substitution [27-43]. In this respect,
Table 1 reports, more explicatively than exhaustively, the experi-
mental details of the applied procedures. By inspection of Table 1
it turns out that the glycosaminoglycans are in general the most
studied polysaccharides and important reviews have been also

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_17, © Springer Science+Business Media New York 2016

339



JuouIeIN
ose[Awreost (G8+¢

Do §T=L d) sopLeydIEsosio
spoyred PO (wil 0g = A1 ‘W1 LF=7) Teaury ‘g
AN S €T=A ‘(ueunydag ) 19pNq (uonesuowijodop
U (WU ggy 009Y) ATT  (URUDI) IPNQ 1 dVO? iy dVO? BIM PAL0D AfennaN V/0) SLAV oIe3s wox) 9 ' preg /]
Q@OLuwu Uw_uso
‘AY 0T
{6 HD) SAS WW 0F
nuum\_OAﬁm\Euu rcﬂmﬁcm Do mNHrN .QQQ‘MN
(/8 ¢ 0) Ww o1 “9eydsoyd {(wrd pg=7 ‘wd g9=7 wolj apLreyddesijod sopLreyddesijod saneu
wﬁ Om Cﬁﬂ—u wmg Aﬁﬁﬁ OONV AN SOMOMU%J Ej«ﬁCmﬂU W O* Hiik) mw H\Nv wuﬂmw ﬁ.vm:m UVHME uGCZ umﬁ—OMGd *vH .wvH _Uuudﬁ%mcuuﬂ‘@wﬁ UGN *M Hm_
Jpoue
29pnO AY 0¢ (g€ HI)
eydsoyd wnipos sy
parean Ajjednewizuy ‘¢ AR (MWH pue MIN'T)
wug (wuger) AN AN 0T- (g% H) Ww g f(wrl ¢z=qr1 SOVD utreday ‘aeyns uereday
8,01°T (wu 0%g) AN FOSND $HVD 98] | WD g9 =77) BI[Is Pasny cv/e) QUON popeiSop pue peiu]  ‘YH IEYns- unroipuoy)  [§]
JpoyIed 3PpnQO
A ST (6
Hd) a1e10qEna) WNIpos
WW QT ‘SAS IWW 0%
‘areydsoydusSoapAy Do 0€=1 ‘(ud g/=q1 Jowny SNOJNIA WOI] ‘7
/3 g7 (wu 00z) AN WnIposIp WU ()G wo ()G =7) eAPS pasng  ONHAW SUON PIS T vH  [€]
Do ST=L
AEE 00¢C u—uoﬁtwu ”uu—uﬂo A\/v— 0¢ mmai Om ={I ‘un Om HN mﬁwuﬁﬁauw&.—ﬁ:m— EO‘G
/3 o1 ‘wu G61) AN “(¥£ HA) 2reydsoyd yw og W G 9 =T ) BII[IS PIs] 470 QUON SUOLDTL} PIldLlXo-ToIeA\ VH [c]
UﬁOﬂuNU Uw—uﬂo
AT 0T D0 0C=L PISC
((¢'8 Hd) sas (wr gg=ar sojdues
‘H\wumﬁﬂ mN AEC ONNV \/D EE mN+ ﬁ_uw UCOD EE mN ‘un Om HNV mu_—mw Uowﬂm UVHNE U:OZ N:-mm—& _uUN:JUqu&UD T :Eu&uz Hﬂa
aol apow uonaalag abejjon ‘1ayng 1 ‘Aiejndey  apow 39 juabe XU saj9ads ajeiphyogqien "Joy
Buizneauag

suonebnsanul apueyaseshjod o} paijdde (s)anbiuyos) 39
I 8|qeL



(panunuoo)

W ,0TX0°T
—o-0I%0'T

Tu/Sw g ()

Tw/3w ¢z

/31 ¢

‘eu

‘Suneod

2ADINPUOIUOU

' pIm

P2I9A0D 2IoM

SEITR IPIS ISOYM

1m Jougewr

noy wi /71

feloleRehb) B}
Suppopm “ad

(wu z61) AN

(wu 661) AN

{(wu ggg way

‘wu 88F dX3Y) AI'T

(wu $16 way
‘wu g8F AXY) AT

spoyIed 3dpNnQO
AT 0T
NW QT
pUE W G7'() UIMIdq
UONEIUDUOD € Ie JYID
Sururejuod
Arenauaad ‘(W 00¢
—0S) HO®N snoanby

dpoyaed 3dpNnQ
A 0T (072 Hd) sreydsoyq

IpoyIed IPNQ
‘AN ST (0 HY)
1opnq areydsoyd-(ye1)
SuIeAYIdLI W (OO T

dpoue 3_pRNQ

AT 0

pnq 98 ueunPIy ‘¢
fopoue 3opnQ

AT 0€

$(0°¢ Hd) srenp Ww 67 |

uﬁOEw _uo—u—ao
Swd/A 9TF T Ut se

'YH popeisop duosen|n ‘¢
w/A 9T%
‘VVA'T %€ ‘uenxopourue
%€0°0 ‘LM W ¥ (0°¢
HJ) Japgnq S W §'ZT
‘proe AL W 57

:818981p YH dnewidzuy ‘g
wd/A 0eF (0°€
HI) a1 %S “2nq
SLLT, W §'CT ‘poe

I WW T 'VH PeIU] ‘T

I
((wrl gz=q1
‘wd 08=7) (VVd'1) preod)

D0 0€=1L
(wrl o1 =T ‘Wwd 05 =7
W £G=17) eI[Is Pasny

ARl
S(wr og=q1 ‘wd 0z =7
‘wd £7=T) e[S pasng

00 0CT=L
H(wrt og =T fwd £F=7)
Areqides paeod-OHD

:syuouodwod d PMOT 1o '

D0 0§ PUC £ ‘ST=L
{(wd g
] ‘wd /F=]) edIs pasny ‘|

AR
(uo =7 "¢
wd 6y=7 ¢
wd 0g=7 T

(wr pg=q1) (VVa1)

P2180 JO SYISUI[ SNOLIeA

V0]

V0]

V0]

V0]

a90

JUON

JUON

JUON

SLdV

SLdV

sojdwres uenxop 1oy pue

sp3s  o[duwres pazAJOIpAY ydIels oM,

199d uowd wouy
sunoad payLlsa-ap

Areonewidzuy -
Spag -

(PE VAL%OT P
payIpIOE) SPOOy pue

ewse[d ur uesoly)
spag -

(06 06=502)
pajedn Ajreutioyy

pue I Je 101em
Ul S9ABIPPE POO)

[EDIDWWOD Pue SpIg

1UOWILIT) JWAZUD
10 uoneduosEN|N

Aq papeisop

ose (snorwapidaooz
'S puE BIYDRI JUIAOQ

woiy) sojdures Y

SunDJ

uesoIyD)

ueuodfelred-y pue -1 -y

SOINIXIW Y PIZIRALId(]

[c1]

[11]

[or]

[6]

[8]



Do 0V =1L
(wr pg=a1

2e3Nn(U0004]3

AT 0€=4 W HO[=7 WA §TI1=T) Jo dusord
Tw,/SW $S10°0 01 Hd ‘Topnqg eNgT, opruidjod ym atp ur opureydoesijod opureypoesijod
aot (wu 007) AN NW oS  pa3eod Lreppides edjis pasng 470 AUON PIZIPIXO 991 O dnoss spnButoy ‘N [ez]
Do SC=L
(wrl 05 =T ‘W 0F =1 [
(wu $67) AN A10T=4 ‘wd ¢'gF="1) AP pasng  HSVA SIAV  sopueyadesdjod pagung [[od yued woy sopreydesijog  [1¢]
AN TI=4
14]0199]9
uons219p uoneredos se vonnjos (wr gz=(1 SIPLIBDIESOUOW
e/u smpwonduy HOE®N -1 [owwr 071 “wd ()9 =17 ) BII[IS-Pasm,] qZD JUON PpazA[opAY JO SIMIXI spureyddesdjog snderedsy [0z
Tw,/Sw .01 PR druoIN(eAy pue
€ $0'6 pue (wrl og=qr ‘wd 0§ =7 ‘23ej[ns uRIOIpUOYd
TI0 ‘160 :dOT (wu 007) AN 2RALNS] S, SO WD 09 =77 ) eI[IS-Pasn] 47D MO ‘utreday Jo 2mIXIy ovo  [e1l
spoaed 3N
AY ST °0°¢ Hd oprwoiq
wnruowuweAnqenal
W (S Surureluod suweg ‘¢
AT 0T=4
Jwreg ‘g ueon[3
AN ST=4 pue uniyd pasasip
‘0's gd I AJeonewAzud [e107, 7
‘a1seqouowr ayeydsoyd {(wrd pg =7 ‘wd 05 =7 DD DOVNID
W 0TXTT (wu $67) AN wnIpos Wuw 01 ‘T WD £G =1 ) e[Is pasng AZD OV-9 pue d[D) Jo spig [ sAesdjoapAy ueonis pue unrgy  [S1]
IRl
Jpoyred :PpnQ {(wrd gg=Q7 ‘wd ¢7=7 poe dmormoeesAjod
AN S ((8F'8 ‘un ()¢ =7) UONRIIUIDIUOD pazAjopAy Ajrenaed
(uru ggg Hd) ‘v1ad Ww g ‘pre Y3y 3e (98 VYT P woy (Juer J( 2pm)
WJ S8 “°v fwu /8% V) ATT SHOq W ST'0 SHLIN T'0  P2IIY B2ITIS pasty pajeanaea(q 0] VOOdD  MUXIW SIPLLYRIEsOSHO pe swwompeesijog  [¢1]
ao1 opow uondalaqg abe}jon “9jyng | ‘Kiejpdey  apow juabe Xue|y  soivads ajeipAyoqieg 'jay
39 Huizneauaq
(panunuoa)

I 2lqeL



(panunuod)

Jpoyied 3_/pNQ
AN 0T (8
Hd) s1eUOqIEdIq WNIPOS

(wu 007) AN W 00T ‘SAS INW 00T

Jpoue 3pNQ
SAX ST °0000£
OAJ %0T Sutureiuod (g°g
Hd) areI10q-suy, W 06 ‘7
A9 °0000£
OAJ %0T Sutureiuod (g°g
(wu poz) AN~ HI) 23BI0Q-SUT, NW (G ‘T

U_UOEN “uuﬁﬂo
‘A ST (06
Hd) 218709 ]WW T ‘SAS

(wugoz) AN Ww 0F ‘eydsoyd wuw o3
dpoyIed 3P/pNQ ‘wd
(wugrguwoey /A 00¢-6 (9 HA) suL,

‘wu ggF oY) ATT  WW §§ ‘aeydsoyd yuw og

moﬂoﬁtwu 10 apoue 3_Ppn0

‘AY 0¢ “(sHd pue
Suonenuaduod meEﬁC

(wu 0g¥) SHLT, 10 SHT-SI (A
AN 3DIPUL P DDI[ESOJNS ‘PIE JISTUY
‘0e+0C=4

1Hnq
(wu 007) AN 1rI0Q WNIPOS W ()T

Do ST=L
Hwr ¢z=qr
‘wd §OT =T7) BINIs pasng

(wr po1=a1

wd 0g=7 ‘W £G=T) T
(wr po1=a1

wd Og=7 ‘W £7=7) T
(suexoysAjodiAypounp)

pazeo)

Do 0% =L
“(uwrd og =1 ‘W 05 =7
‘wd g/ =") ®d[Is pasng

I
(wr gg=q1

‘staSuaf snowres) ‘OFHHA

puE VYT (P paieo)

Do §T=L
(wrt og =1 ‘w2 97 =7
WD G'HE =) LTS pasng

Do §S5+0€=L
wil oG =qT1
PSU9[ snoLrea
Jo saureqided ed1[Is pasn,J

sureyd ergdjod /o810

qAZD QUON] JUIIP JO SANBSAJOIPAL]

SnItuap1da0oz

$1132030742.47§ WOIJ

(SAVH) sueuoanyeAyy
parejnsAoJ ‘¢

s1owdjod oygnaN ‘T

HZDO REON

aneydns suniorpuoyd

(uonsaSrp owkzuo

10 sIsAjouryow

ONAW 4q) parggmsa

QUON

(e 00£6

‘009¢€ ‘0SET
006 ‘05 ‘S81) VH
(e 002) Meursy

d47ZO SLdV

sojdures rerIowwor)

HZO, SUON

UONBULIOJUOD 10
‘uonejdoe Jo 22139p
‘uoneziwAjod jo
22139p Jo siseq 3 UO
pazeredos s1owoSI0
10 dprrerpoesijod

1oeIUr WNg ue[en

HZD. RUON

(dS-N(@) urer01dodA] -

(soSeyury o1pIsoloyIIUT
JUSIPFIP IIM Sureyd
proe eigdjod /o810 sotpo

pue) urajordodA[SoreIsA[o J -
PR duIwoo))

VH'

(e 69°65°6C LTF1)
wuﬂwﬂua .Hw—ﬂuu—OE
WRIIP JO s1owk[od

JYGNIN J0 pIde JIUIo[o)) *

(ssepruonpedy
puE ISEUNIOIPUOLD
I sowAZUD dNAJOIPAY Aq

Paz1uS0291 1WOFI0 e[S
uniorpuoyd) sdojowu soHyo

sojdures

oprreydoesdjod pazneata(q

utredoy

pue ueproony pazAJoIpAR

wng ueon)

[ze]

[1e]

[og]

[et]

[8z]

[oz]



SpoIed 32pNQ

I
pateodun) ‘¢
VVdT 'L

(sarun [AdoadAxoIpAy
£q poasejdar are sdnoid
[Ax01pAYy Swos d19yMm

wn$g 1eng paygpow) HIH ‘€

(wu grgway  (g6¢ HA) sty -poe oo (wrl g =) soepides na e
Tu ‘wu 88F dX9Y) ATT ur SunerdiuLIop W OF eI pasty Jo sypSud| snoes  ONHIN SLdV Spas uenxoq 1T [9¢]
dpoue 39PN
CAY 0T STerorewr suexoqisAjodjAypow
SUIALS SB SINISOISIA (1Auayd 9 05) (uonsasp
1ua1apTp Sulaey DHJIH 10 suexoysAjodjAowp asepruoanyeAy)
pue DJIH 10 00002 1M PILOD SImaxTw PWoSIo YH ‘7
DY Sutureiuod (¢'g Hd) (wr 001 =a1 ‘Wd 05 =7 (s1sdjoapdy rened VH JO $1WOSHO T
A (wu 00z) AN eIOq W STO-SHL W T°0 ‘wd £G=T) IS pasng HZD SUON  WOIj) PIE JMIWO[0)) | dYGNaN Jo spwodNO ‘T [s¢]
mﬁOﬂﬁUGCU ﬁ—w@
asnd ur apoure /opored
\A—U\r.ﬂmﬁuoﬁm IO UUOLUNU UU_USO
ZH €
‘AT 01 (78 HY) viLad
AW T ‘93e10q SHT, W (S °S
ZH § AT 0T
(g8 HI) SUL WW 00T
/ppeduoq Ww 001 ¥
ZH € AN 0T
(188 HI) SHL IWW 001 wd §T=7 G pue §
‘areydsoyd wnrpos ‘un 0g=7 ‘¢
W (0§ ‘pLe dLOq NW (S ¢ W 66=7 ¢
AT TT-S fwd 0g=7 T
(18'8 H) St WwW 00T I (yuaunean
‘areydsoyd wmipos HERARIIAN Jwdzud) ason{ad
AW (S ‘pE dLIOq NW (S T ‘[A1dRIST “YVJ'T JO [Aypow-Axoqred
a>v‘_ mH AAH@ E&v wE,H QU0d MCUHQUESU ﬁ—u-kr —Uu——@ U®>ﬂu—u Uﬁw m—uuw OwO—ﬂ:Ou—%ﬂ—uuﬁﬂ%NCn—hﬂu
(wu g6 woy W (g “aeydsoyd wmipos 10 pajeodun (wi 06 =(I (3usunean swizuo) pue (s3ySrom
°u ‘wu /G OX9Y) AT NW G ‘poR dLoq NW ST T ‘wd ()9—GT =7) BII[IS pasng OMANW vOO4D uenxapAjod paypueiqa Ie[ndId[OW SNOLEA JO) SURIXI(] [ec]
ao1 9pow uonddnaQg abejjon ‘1ayng | ‘Krejndeny  apow juabe XLlely  so19ads ajeipAyoqiey jay
39 Buizneauaq
(panunuod)

I 3lqeL



9p [OIABAN /4 /] PIDE DDDCOIONYLN /], “OUIULIAIOLN /7 ], “PIepuels p7s ejns [A59pop Wnipos §(7§ ‘uoneiadp prepuels (79 ‘ommesadway woor ryy ‘vemind g 0243 susjipadiod H7 g ‘sisazoydondopd (98 sprureuoesjod
OV ‘PLE MUIULOIIUIAI0IAS-N 967N ‘PIE dUIenoui1ody-N 7y6#aN dqeqreae Jou ‘vz ‘Sydeiforewon Arefides snounjonda refaomu Hy gy ‘Oprureinesjod weaul [y ‘Uoninop jo Il (707 WSom Ienddotw Mo[ YT 9ouad
-sa1onyy padnpul-1ase] 7777 ‘sisaroydondpo Areqides souewnopod ySiy gHJH WSom Temodjowr YSy M pyH PE dSoImeAY [E 9so[nS 7729 ‘Oururesodn[S[A100y-N JN 7D 9s0dn(3 75 ‘pie duormdees p7ro ‘suedsSouruuesodd[3 Hyo 1010010p And
-wondads ssew-uoneziuor A&e1dsondop gy-799 s1sa10ydondalp uonnjos 921y P[] Pud g7 SOMI([APAXOIPAY A0 DFETA ‘UONIIIP [eNUYI0NI (77 ‘UonezuawiA[od jo 99189p J(7 ‘uonesyuaiss Jo 20130p (7 ‘sisaioydondapp suoz Arwefpdes
70 “OpIuolq WnuoweApawinA gy ‘sisaioydonsap (3 Areqdes 7o “Ayderforewornpponap Areded HgH opAyapresxoqred-suroumb-z(jfozuaqixoqred-§)-¢ FHOFD Quroumbournte-9 (-9 dreuoynsin-gg‘e -ousiidournure-1 § 777

A 0T=4 sourwreAyeAjod
OSINA %0T 0o ST=L Teaur Jo 9ouasad
Surureauod ‘¢z gd (wr gz=q7 ‘wd 0F=7 A3 ul pazAfeue
Tu (wupgg) An “eydsoyd wnrpos Wuw 0g W ()G ="7) EA[IS PIsn 470 OVINV SOVD JO IMIXIN sovD  [95]
A1 0T-=4
QUIWE[OURYIILI

s passnipe
(08 Hd) 1™eM—HO>IN

9% (0T ur (wrd gg=Q1 saprreyddesdjod
wu $67 JPIWOIQ WNIUOYIAWEXIY ‘wd 9G=7 ‘wd 99="7) pazAjoapAy
BTU JB UOBDIII9P ID241pu] WW Z-€OID WW 0T BII[IS pasng Sv/e) JUON WoOoIj SUIALIIP UOT 2IBJ[NG areIpAyoqre) pareymg  [HS]
A10T==4 Do SCT=L a8e[ned temonre
0°¢ (wrt og=qr1 ULy CRTPEEAPRIE Y
eu (wugeg) A0 HA 3 (Ww §1) 21eydsoygq W G9F =) BIIIS Pasig q4Z0 QUON unroIpuoy) arggIns uptoIpuoyd  [T¥]
sundad
[PEIZERRE-SD-SIN T
SpoyIed 32pNQ Do ST=L (Iuoumean ase15d
A ST=4  (wd 09=7 pue ud g =/ -unoad) g
eu (wuze1) AN *(§9 HA) 21eydsoyd ww g ‘wil 6/ =) e[S pasnyg 47O JuoN 3 sun2od payLmIso-a(] T sun»g  [0%]
dpoue RN
wd/A 008
—0S€ =ysudns ppy
o9y areydmsia( ¢ R
SAs 1 Sopruwrefnesjod JuanInsqns
JO SUONDIPPE 191N  TedUI] JO J9AR] B [IIM PIILOD pazAjoapAy orydoapAy e ypm dnoid
(wu g6 woy I97ynq SI /pe DI (wr gg =) soureqqides Apestwayd pue [AX0IpAY € B PIZIRALIDD
U ‘wiu @8 dXdY) AI'T ® Jo suonisodwod snoLes  BJI[IS pasny Jo syadudf snotrey MO SLAV  Aqeonewdzus pue spig 9so[n[[ad pue asom[PD)  [g8¢]
(snySiadsy spuoq JIPISOdA[S (F < 1)-0
JO 9se10159 Aq 19139801 payuly
apoyes :1PpNQ D0 0€=1L undad Susn 4q siun yien 000 1-00¢
AN 0T S(wrd 00T =T ‘w2 05 =7 A Iud14I1p) ‘sjpad ur Sunsisuod sureyd

eu (wu zeT) AN {(zHd) sreydsoyd puw g Sud /G ="7) BdIIS pasng AZD QUON UOWD[ WOJ SUNdJ Spis opIs) g Surhrea jo sunddg  [zg]



346 Amelia Gamini et al.

1.1 Determination
of the Degree of
Substitution of Hyalur
onic Acid Butyric
Ester: CZE-UV of
Released Butyric Acid

devoted to this subject (see, for instance ref. [44]). Besides, to
overcome the experimental limit of mass separation when large
biopolymers are studied, polysaccharides have also found wide
application on CE techniques as sieving matrix [8, 27, 35, 45—
55]. In this respect, however, much care should be taken on
considering polysaccharide chains as inert sieving material, espe-
cially when the objective of their use is to separate structurally
similar molecules. Certain cellulose derivatives, for instance,
have peculiar features strictly related to their rather rigid back-
bone. As an example HPC (hydroxypropyl cellulose) [35, 47,
54] not only goes to phase separation in water at temperature
slightly higher than 40 °C but is also known to aggregate in
ordered structures leading, at sufficiently high concentration, to
liotropic mesophases of cholesteric type [55]. Indeed, most
polysaccharides easily form aggregated structures, in line with
their more common, although less specialized, biological role.
To mention only a few, viscoelastic, mechanical, protective, and
gelling properties are indeed strictly related to polysaccharide
secondary (if not tertiary) structures assumed in aqueous envi-
ronment. These may range from coiled to worm-like type, the
stiffness of which strongly depends on the chain molecularity
(single-, double-, triple-, multi-chain) which itself may depend
on the solution environment (temperature, salt concentration,
and salt type).

In recent years great attention has been directed towards syn-
thetic glyco-polymers as well as naturally occurring glyco-poly-
mers (i.e. polysaccharides) for their potential use as biomaterials.
Polymer engineering is a term usually referred to a preexisting
polymer chain ad hoc modified by introducing biologically
active ligands developing third-generation biomaterials that are
able to directly intervene in cell growth, differentiation, adhe-
sion, and extracellular matrix production [56-61]. At the level
of isolated molecules the ligand-receptor affinity is very low
and can be dramatically increased by increasing the ligand den-
sity within the glyco-conjugate (“cluster” effect). A similar
approach can be used by anchoring a biological and pharmaco-
logical active molecule, like butyric acid [62, 63] to a selective
vehicle such as hyaluronan (HA) recognized by CD44 receptor
overexpressed in stem and neoplastic cells [64, 65]. The CE as
rapid and reliable technique to identify and quantify biologi-
cally active molecules anchored to polymer chains [61] is here
applied to a HA butyric ester derivative (HA-but). The degree
of substitution for the glycoconjugate is here determined by
quantification of butyric acid released upon hydrolysis of the
HA-but derivative.
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1.2 MEKC-UV
Determination of

the Degree of
Polymerization and
Distribution of Oligosa
ccharides in a Partially
Acid-Hydrolyzed
Homopolysaccharide

1.3 Influence

of Electric Field

on the Electrophoretic
Mobility

of Polysaccharides:
Application

to Hyaluronic Acid

Degradation studies are particularly useful for naturally occurring
macromolecules the polymerization of which cannot be performed
in laboratory. Although high molar mass polymers represent a
challenge for CE characterization, macromolecular study in terms
of de-polymerization mechanisms can be easily performed. As an
example the molecular weight distribution of an oligo-mannuronic
mixture resulted from acid hydrolysis of high molecular weight
mannuronan turned out to be satisfactorily interpreted in terms of
the most probable distribution for an early stage of polycondensa-
tion reaction [66]. Beside the definition of polysaccharides (and
proteins) as condensation polymers, it is since long known that
hydrolysis of cellulose occurs randomly for degree of polymeriza-
tion x lower than 500 [67]. In this respect, if the polymer degrada-
tion consists of nonspecific (random) bond scission, a mixture
from an extensively hydrolyzed polysaccharide solution might be
considered as a snapshot of a polycondensation reaction taken at
sufficiently low extent of condensation p (i.e. fraction of bond
formed). Then, in the polymer mixture containing in total N
sugar residues there are Nyp intact linkages and N, (1-p)
unbound residues, the latter corresponding also to the total num-
ber of chains N. The expected molecular weight distribution func-
tion (i.e. the frequency of occurrence of a given degree of

polymerization «x) expressed in terms of mole fraction
N_,(=n, /N,) and weight fracdon W, (=xN_/ N,) of the nx

x-mers is then [67]:
N, =(1-p)p"" (1)
W, =x(1-p) p"" (2)

The number-average molecular weight <M > and the
weight-average molecular weight < M > = can as well be obtained

by:
<M >,=Mo /(1-p)

and

<M >,=Mo(1+p)/(1-p)

It is generally reported that application of capillary electropho-
resis to large charged (bio)polymers in free solution cannot pro-
vide for their size separation when sharing the same mass to
charge ratio (i.e.: for regular structures). Then, the general
approach to achieve CE separation on molar mass basis is to let
highly charged polymers of relatively big size migrate through
and entangled polymer solution that is believed to act as an inert
sieving matrix [31, 35, 45-54, 68]. Depending on the type,



348

Amelia Gamini et al.

dimensions and concentration of the host polymer different sep-
aration models have been developed and reported [51, 52]. The
electrophoretic studies in free solutions dealing with charged
(bio)polymers of relatively large sizes are in comparison sensibly
fewer [69-74]. Before electrophoretic technique can be applied
to macromolecular characterization beyond the qualitative size
separation more systematic studies should be performed to asses
and develop polyelectrolyte models that can better mimic elec-
trophoretic behavior [73]. Discrepancies on experimental data
as well as on theoretical predictions are such to render the
assumption of a molar mass independent electrophoretic mobil-
ity in free solution somewhat doubtful [69, 70, 73]. Additional
and systematic experimental data are needed especially to better
understand when and how a dependence of electrophoretic
mobility on macromolecular features such as chain conformation
and chain stiffness may disclose and /or predicted. In this respect
the wide spectrum of charge, chain conformation, and stiffness
covered by native and modified charged polysaccharides might
represent a resource for deeper studies on a wider range of poly-
mer types. Beside the unsuccessful size separation in free solu-
tion, electrophoretic mobilities of charged polymers measured
on increasing electric field strength generally showed a relatively
steeper increase than the expected [52, 73]. A similar trend can
be also observed when naturally occurring or synthetic polyelec-
trolytes migrate through entangled polymer solutions [52, 53,
68]. A phenomenon the origin of which, generally ascribed
either to chain distorsion or to a viscosity drop by Joule heating,
would likely deserve for deeper investigations. As an example,
the electrophoretic mobility of five hyaluronan samples of differ-
ent molar mass is here reported as a function of the applied volt-
age. The data obtained for molar masses of the order 10°-10°¢ g/
mol are also compared with the electric field dependence of elec-
trophoretic mobility observed when 50 % of the charged groups
of one of those HA sample are substituted by an amide- linked
galactose residue.

The dependence of the intrinsic mobility on electric fields
strength, here only shortly addressed, shows interesting features.
In line with elsewhere reported findings [52, 73] an increase of the
mobility is observed on increasing the applied voltage value in the
entire investigate field strength range (i.e. 124+420 V/cm).
Heating eftects are reported to occur at field strength higher than
250 V/cm (i.e.: 216 kV in our case) [53, 73]. Although their pres-
ence cannot be excluded, the much smoother increase of the
mobility presently observed with respect to steeper variations else-
where reported [52, 53, 73] should more likely come from field
induced perturbation of the ion cloud.
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1.4 Influence of pH
on the Electrophoretic
Mobility of
Polysaccharide:
Application to
Hyaluronic Acid and
Related Glyco
conjugates

Electrokinetics models have been generally applied more successtul
to electrophoretic migration of colloidal particles [75-77]. Indeed,
accurate models as those elaborated by Booth and Overbeek that
take into account polarization and relaxation of the ion cloud
induced by the flow/electric field well represent the electropho-
retic behavior of spherical charged particles [78-80]. However a
solid nonconducting spherical model hardly applies to real mac-
roions. Even if their shape can approximately be spherical their
charge distribution is not expected to be spherically symmetrical.

However, to have simple estimation of approximate values of
the electrophoretic mobility of spherical macroions with low
potential surface the Henry’s equation is often used [81]:

Ze _ f(kR)
p= x
6mR  1+kR

(3)

where Zis the number of charge units, ¢ is the elementary charge,
R is the radius, % is the Debye-Hiickel parameter. f{kR) is a com-
plicated function which, however, lies between 1 and 1.5 in the
0.1-10° kR range and departs very little from unit for kR<1.
Equation 1 coincides with the first term of the more elaborate
Booth equation [76].

Hyaluronan is a low charged polymer, its chain, when fully
ionized, has approximately one fixed charge per nm length. The
charge state being generally represented by the charge density
parameter £ defined as the ratio between the Bjerrum length /, and
the average distance b separating two consecutive charged sites on
the polymer backbone: &=/, /b= (32 / 4pDkBTb). Where ¢ is
the elementary charge, D is the dielectric permuttivity of the
medium, kg the Boltzmann’s constant and 7'the absolute tempera-
ture (i.e. /, =0.714 nm in water at 25 °C). The mobility of the
unsubstituted HA4 hyaluronan and of the HA7 and HAS8 galac-
tose substituted hyaluronans, all having an identical molar mass,
measured as a function of pH and at constant ionic strength is here
reported. The fully ionized state is characterized by a linear charge
density parameter £ of 0.72, 0.55, and 0.48 for HA4, HA7, and
HAS, respectively. In this case, for which potentiometric data are
also available, the mobility dependence on the ionization degree
Qon can then be resorted by using:

Gy = 0ty #1071/ C (4)

ion

where a N is given by the added base to total carboxyl equivalent
ratio and C, is expressed in equivalent of repeating
units /L. Furthermore, the very same data can be plotted as well as
a function of the linear charge density varying with a,, (i.e.:

g = éam )
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It has been reported that the electrophoretic mobility of hyal-
uronan can be reproduced rather well by the so-called “frozen-
wormlike model” [74, 81]. In the present case, a very simple
approach is used: Eq. 3 is taken as a reference point to compare the
electrophoretic mobilities of hyaluronan samples on a qualitative
basis. Indeed, beside the above mention restrictions for Eq. 3 to
apply an additional one is given by the “conducting” surface of a
weak polyacid, as hyaluronan, with carboxyl groups rapidly
exchanging protons. What we will use are the two statements
implied in Eq. 3: one that the electrophoretic mobility is directly
proportional to the charge Z of the polyion and the other that is
inversely proportional to the frictional coefficient under the
assumption of a spherical macroion shape.

2 Materials

2.1 Determination
of the Degree of
Substitution of
Hyaluronic Acid
Butyric Ester: CZE-UV
of Released Butyric
Acid

2.2 MEKC-Uv
Determination

of the Degree

of Polymerization
and Distribution

of Oligosaccharides
in a Partially Acid-
Hydrolyzed
Homopolysaccharide

2.3 Influence

of Electric Field

on the Electrophoretic
Mobility

of Polysaccharides:
Application

to Hyaluronic Acid

1. Samples: hyaluronic acid (85 kDa) (from Bioibérica, Barcelona,
Spain).

2. Reagents for linkage of butyric acid to HA: butyric anhydride, ter-
trabutylammonium (TBA) (from Sigma St Louis, MO, USA).
The derivatization procedure was previously described [64].

3. Reagents for basic hydrolysis: sodium hydroxide (from Sigma St
Louis, MO, USA).

4. CE buffer: 50 mM sodium tetraborate (borax), pH 9.2 (from
Sigma St Louis, MO, USA).

1. Samples: mannuronan oligomers released upon hydrolysis from
high molecular weight mannuronan (from fermentation broth

of'a mannuronan C-5 epimerase negative strain of Pseudomonas
Sfluorescens) [66].

2. Reagentsforoligosnccharidesderivatization:4-aminobenzonitrile
(ABN) (Aldrich, St. Louis, MO, USA), sodium cianoborohy-
dride, glacial acetic acid, and methanol (Merck, Darmstadt,
Germany).

3. CE buffer: boric acid 660 mM (pH 8) containing 100 mM SDS.

1. Samples: sodium hyaluronate (rooster comb) samples were
kindly provided from FIDIA S.p.A (Abano Terme, Padova,
Italy). The details of the different hyaluronic acid samples are
summarized in Table 2.

2. Samples were prepared dissolving 1 mg of intact or galactose-
modified sodium hyaluronate in 1 mL of bi-distilled water and
analyzed without further dilution.

3. Reagents for linkage of yalactose to HA: 1-amino-1-deoxy-f-d-
galactose (galactosylamine) was prepared as reported in litera-
ture [82], 2-[N-morpholino]Jethanesulfonic acid (MES),
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2.4 Influence of pH
on the Electrophoretic
Mobility

of Polysaccharide:
Application

to Hyaluronic Acid

2.5 Equipment

Table 2

HA samples analyzed by CE-UV
HA samples MW (kDa) DS
HAl 120 (=)
HA2 160 (-)
HA3 160 0.5
HA4 210 (=)
HA5 850 (<)
HAG6 1050 (=)
HA7 210 0.2
HAS 210 0.3

N-hydroxysuccinimide (NHS), and 1-Ethyl-3-[3-
(dimethtlamino)-propyl]carbodiimide hydrochloride (EDC).
All reagents were from Sigma, St. Louis, MO, USA.

4. CE buffer: 50 mM sodium tetraborate (borax), pH 9.2 (from
Sigma St Louis, MO, USA).

1. Samples: see Subheading 2.3.
Reagents for linkage of galactose on HA: see Subheading 2.3.

3. CE-buffer: a series of potassium phosphate buffers (KH,PO,/
K,HPO, from Merck, Darmstadt, Germany) at constant ionic
strength (0.05 M) and at different pH values (pH range
between 3 and 9).

For Subheadings 2.1, 2.2, 2.4. High-performance capillary electro-
phoresis (CE) system (Applied Biosystems HPCE Model 270A-HT;
Foster City, CA, USA) with Turbochrom Navigator (4.0) software.

For Subheading 2.3 High-performance capillary electrophore-
sis (HP3D CE system; Waldbronn, Germany), with HP
Chemstation software.

For Subheadings 2.1 and 2.2: uncoated fused silica column
(Supelco, St. Louis,MO, USA) with an inner and outer diameter of
50 and 375 pm respectively; capillary length: 92 cm (70.0 cm to
detector);

For Subheading 2.3: uncoated fused silica column (Agilent
technologies, Germany) with internal diameter of 50 pm; capillary
length: cm 64.2 (56.0 cm to detector) extended light path.

For Subheading 2.4: linear polyacrilamide (LPA) coated capil-
lary (Bio-Rad Laboratories, Hercules, CA, U.S.A.) with an inner
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and outer diameter of 50 and 375 pm, respectively; capillary
length: 80 cm (62 cm to detector) (see Note 1).

Detection: UV on column 195 nm for all samples but oligo-
mannuronic acids (285 nm).

3 Methods

3.1 Determination
of the Degree

of Substitution

of Hyaluronic Acid
Butyric Ester: CZE-UV
of Released Butyric
Acid

3.2 MEKC-UV
Determination

of the Degree

of Polymerization
and Distribution

of Oligosaccharides
in a Partially Acid-
Hydrolyzed
Homopolysaccharide

Beside the low sample consuming, CE is shown to be an easy and
rapid technique to accurately quantify pendent species, chemically
introduced onto polymer chain [58], in amounts that are in the detec-
tion limit range of the important and widespread NMR technique.

1. Rinse the capillary for 2 min with a 0.1 N NaOH solution at a
pressure equal to 67.6 kPa.

2. Condition the silica capillary with electrophoresis buffer (pres-
sure 67.6 kPa) for 4 min.

3. Program the instrument to load the sample under vacuum at a
pressure of 16.9 kPa for 1.5 s.

4. Operative conditions: voltage: 20 kV; detection: 195 nm at the
cathode; temperature: 27 °C; buffer: borax 50 mM (pH 9.2).

5. Hydrolysis procedure:

Dissolve 4 mg of the substituted polymer in 1 mL of 0.1 N
NaOH solution. Incubate the mixture at RT and after 2 h neu-
tralize it with 1 mL HCI 0.1 N.

6. Figure 1 shows the electropherogram of: (A) intact HA deriva-
tive; hydrolyzed mixture (B) before and (C) after co-injection
of a standard butyric acid solution. A degree of substitution as
low as 0.14 was determined. The calibration curve from peak
area to migration time ratio (A/#) vs. solute concentration
(A/ t=15.151x+2.558,7> = 0.999) was linear in the inves-

tigated 1 mM=+4.5 mM butyric acid concentration range [64].

As far as the CE is concerned, the relatively short mannuronic
chains are singularly tagged so that the peak area to retention time
ratios for the CE resolved x values (i.e.: 1+ 18 monomeric units)
are proportional to the number (moles) of chains containing
x-monomers (i.e.: 7x). Both number (moles) and weight fractions
as a function of x can then be obtained and compared with the
theoretically expected distribution functions.

Operatively:
n,=(A/ t)x

N,=Z,x(A /1),
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Fig. 1 Electropherogram of: intact HA butyric ester (a); Hydrolyzed mixture before
(b) and after (c) co-injection of butyric acid solution

N=3x (A/t)

1. Rinse the capillary for 2 min with a 0.1 N NaOH solution at a
pressure of 67.6 kPa.

Condition the silica capillary with electrophoresis bufter.

3. Program the instrument to load the sample under vacuum at a
pressure of 16.9 kPa for 1.5 s.

4. Operative conditions: voltage: 18 kV; detection: 285 nm at the
cathode; temperature: 30 °C; buffer: H;BO; 660 mM (pH 8)
containing 100 mM SDS.
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5. Derivatizing procedure:Derivatize standards (1 mg/mL) or
hydrolysis mixture (4 mg/mL) with 0.5 M ABN in the pres-
ence of 0.16 M NaCNBH; in 1 mL MeOH/AcOH (95/5)
for 15 min at 90 °C. For CE analysis dilute the samples five

times with H, or buffer.

6. Figure 2a Weight, Wx, and number (mole), Nx, fractions,
Fig. 2b, of mannuronic oligomers obtained from A/t of
resolved x species in the electropherogram of the hydrolyzed

0,10 -

0,00

035
0.30
025
0,20

=" 0,15
0,10
0,05

0,00

Fig. 2 (a) Weight fraction of mannuronic oligomers as a function of the degree of
polymerization x. (b) Mole fraction. Solid curves are calculated from Egs. 1 and 2
with p equal to 0.75 and 0.72 for weight and number fractions, respectively
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Fig. 3 Electrophoretic mobility as a function of the applied voltage (1) for HA1,
HA2, HA4, HA5, and HA6 samples

mannuronic mixture. Solid curves are best fitting curves
obtained from Eqs. 1 and 2 at values of 0.72 and 0.75 for the
fraction of unbroken linkages p, respectively.

Field dependence of the free solution mobility of HA samples hav-
ing different molar masses is here reported together with mobility
data observed for HA having lower charge density .

1.

Rinse the capillary for 2 min with a 0.1 N NaOH solution at a
pressure of 960 mbar.

Condition the silica capillary with electrophoresis buffer (pres-
sure 960 bar) for 4 min.

Program the instrument to load the sample under vacuum at a
pressure of 25 mbar for 3 s.

Operative conditions: different values of voltage, ranging from
8 to 27 kV (see Fig. 3); detection: 195 nm at the cathode; tem-
perature: 25 °C; buffer: 50 mM borax (pH 9.2).

Galactose-substituted hyaluronan synthesis procedure: see
Note 2.

Figure 3 shows that the mobilities measured for the HA sam-
ples increase smoothly from approximately a common low field
asymptotic value to merge to an overlapping value at high fields.
Just above the asymptotic low field behavior a window in the
range of applied field values exists where the mobility of the
larger molecules is slightly but distinctively higher than that
measured for shorter HA chains. Albeit small the measured dit-



356

Amelia Gamini et al.

ferences are above the standard errors. Any mobility difference
can instead be deduced neither between HA5 and HA6 nor
between HA1, HA2, and HA4. From the linear increase of the
current in the 8-20 kV voltage range and from the relatively
low conductivity of the used buffer [70] the presence of heat
artifacts below 16 kV (i.e.: E=250 V/cm) should be safely
excluded. Additional measurements are needed to clarify the
role that borax may as well play in the electrolyte-polymer sys-
tem [70]. As an example, at low field strength (i.e. 50-150 V/
cm) free solution mobility of DNA molecules has been reported
to increase with molar mass in a very limited range of chain
length (i.e. 20—400 bp) and to attain molecular mass indepen-
dent values beyond that upper limit [70], the rise being ascribed
to electrolyte drag forces the effects of which are vanishing with
chain dimensions. Such an increase, although over estimated by
10-15%, has as well been predicted by molecular modeling of
short DNA fragments (20-60 bp), in the rod limit diffusion
behavior, that included ion relaxation. In our case, if retarda-
tion effects of deformed ion clouds are responsible for the dis-
tinct migration behavior reported in Fig. 3, they appear to be
either weaker for, or better recovered by, expanded coiled
shapes of large sizes. The HA samples here investigated not
only have larger sizes than the above reported DNA molecules
but also are less charged and, perhaps more important, are
much more flexible. A worm-like chain model with a persis-
tence length of roughly 10 nm applies reasonably well in the
entire range of chain lengths here investigated [83]. As indi-
cated by the expected low electrophoretic mobility disclosed by
the low charge bearing galactose substituted hyaluronan, HA3
(M, =1.6x105), the charge-to-size value that contribute to
the electrophoretic mobility of HA5 and HA6 measured in the
13 kV —18 kV range must apparently be higher than that of
the low molecular weight hyaluronans. Only for comparison
purposes we may try to treat the polymer samples simply as
charged bodies and to compute the charge Q by which they
contribute to the electrophoretic mobility measured at 15 kV
(n=0 / f),assuming the frictional coefficient being described
by Stokes law, f =6mnR , and taking R equal to the measured
average-root-mean-square radius of gyration [69]. It can then
be shown that low molar mass hyaluronans (HA1, HA2, and
HA4) contribute to the electrophoretic mobility with
~18-19% of the total charge actually carried by the chains
whereas the charge contribution to the mobility of the higher
HA5 and HAG is roughly 10 % of the charge they actually have;
this suggests, as expected, that much higher electrostatic and
hydrodynamic screening effects are characterizing the expanded
larger sized coils. The electrophoretic mobility of the low
charged HA3 sample is compatible with that observed for the
parent HA2 polymer if'a degree of substitution of 0.6 is consid-
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3.4 Influence of pH
on the Electrophoretic
Mobility of
Polysaccharides:
Application to
Hyaluronic Acid

ered (to be compared with D.S. = 0.5 independently measured
by traditional methods, se¢ Note 3) assuming a charge contri-
bution of 18% and, moreover, disregarding R, variations that
likely occur with substitution, assuming that both HA2 and
HA3 share an identical average size. In this specific case, the CE
technique although sensitive, cannot substitute the more
assessed methodologies for the determination of chemical
structural parameters like the degree of substitution.

Unfortunately, disclosure of differences in migration behavior
eventually present at low fields is precluded by the large standard
errors affecting the experimental data. Unclear as well are the rea-
sons for the high field behavior where the overlapping mobility
value is apparently more rapidly reached by HA1 and HA2 (low
molar mass samples) than by HA5 and HA6 samples. Long flexible
chains can be oriented by an electric/flow field and even deformed
at high flow field strengths as resulted, for instance, from viscoelas-
tic and flow/electric birefrangence measurements. Besides the need
to ascertain the influence of heat artifacts, deeper investigations of
the field dependence migration on well characterized and differ-
ently charged macromolecules, in general, and on charged polysac-
charides, in particular, should be addressed to gain better insights
on the several and not too well understood mutual influences of
dynamic, conformation, and electrostatic features that actually con-
tribute to the electrophoretic behavior of wormlike chains.

1. Rinse the capillary for 2 min with bidistilled water at a pressure
ot 67.6 kPa.

2. Condition the silica capillary with electrophoresis buftfer (pres-
sure 67.6 kPa) for 4 min.

3. Program the instrument to load the sample under vacuum at a
pressure of 16.9 kPa for 3 s.

4. Operative conditions: voltage 20 kV; detection: 190 nm at the
anode; temperature: 30 °C; buffer: potassium phosphate solu-
tions in a pH range between 3 and 9 and constant ionic
strength (0.05 M).

5. Figure 4 shows the electrophoretic migration measured as a
tunction of pH for native hyaluronan
(HA4, Mw=21x10°g / mol) and for the galactose substi-
tuted HA7 (D.S. 0.24) and HAS8 (D.S. 0.34) samples. The
higher charge density of HA4 accounts for the higher mobility

measured with respect to the less charged HA7 and HAS8 (and,
even more, for HA3 sample, see Table 2).

Figure 5 reports the mobility values as a function of the degree
of'ionization measured for HA4, HA7, and HAS, for which poten-
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Fig. 4 Electrophoretic mobility as a function of pH for native (HA4) and galactose
substituted HA7 and HA8 samples. For comparison purposes mobility measured
for the higher substituted HA3 sample are also reported
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Fig. 5 Data of Fig. 4 are plotted as a function of the degree of ionization g,
(Eq. 4). Solid lines are least-square fits of the experimental points
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eter & =&a., , . Solid lines are least-square fits of the experimental points

ion

tiometric data were available. There, the pH values were trans-
formed into «;,, by applying Eq. 4.

Figure 6: more interesting features are disclosed by analyzing
the mobility data in terms of the linear charge density that depends
on the degree of ionization, & = &a,, .

In all cases, as expected, an approximately linear dependence of
the mobility is observed as a function of the charge density param-
eter. Different instead is the rate by which the mobility changes on
charging the polymer chains. On the basis of the simple statements
made in the introduction, data of Fig. 6 show that the potential
surface of HA7 and HAS increases with chain charging more
rapidly than that of HA4. In turn, on increasing the degree of sub-
stitution a decrease of the chain frictional coefficient is suggested
for the galactose substituted hyaluronans in comparison with a
more “unperturbed” behavior of HA4.

4 Notes

1. Ditferently from what recommended for PVA coated capillary,
LPA coated one is a general-purpose capillary which is suitable
to be used in a wide pH range (typically, from 2 to 9).

2. Add galactosylamine (2.70 mg, 1.35 mg or 0.95 mg to yield
respectively substitution degrees (DS) of 0.5, 0.3, and 0.2) to
a stirred solution of hyaluronan sodium salt (1.5 g) in 0.2 M
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MES buffer (pH 4.5, 400 mL) containing NHS and EDC
([EDC]/[HA repeating unit]=1.5; [NHS]/[EDC]=1). Stir
the solution for 24 h at RT, dialyze the polymer at 4 °C against
NaHCO; 0.05 M for 1 day and then exhaustively against mQ
water. Adjust, if necessary, the pH to 6.5, filter the polymer
solution and freeze-dry it to obtain the modified hyaluronans.

3. The determination of the degree of substitution was made by
potentiometric titration and elemental analysis.
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Chapter 18

Separation of Peptides by Capillary Electrophoresis

Gerhard K.E. Scriba

Abstract

Peptides are an important class of analytes in chemistry, biochemistry, food chemistry, as well as medical and
pharmaceutical sciences including biomarker analysis in peptidomics and proteomics. As a high-resolution
technique, capillary electrophoresis (CE) is well suited for the analysis of polar compounds such as peptides.
In addition, CE is orthogonal to high-performance liquid chromatography (HPLC) as both techniques are
based on different physicochemical separation principles. For the successful development of peptide separa-
tions by CE, operational parameters including puffer pH, bufter concentration and buffer type, applied
voltage, capillary dimensions, as well as background electrolyte additives such as detergents, ion-pairing
reagents, cyclodextrins, (poly)amines, and soluble polymers have to be considered and optimized.

Key words Capillary electrophoresis, Electromigration techniques, Peptides, Peptide analysis,
Method development

1 Introduction

Peptides represent an important class of biologically active
compounds acting as hormones, neurotransmitters, immunomod-
ulators, coenzymes, enzyme inhibitors, toxins, or antibiotics. In
addition, peptides can serve as biomarkers in clinical analysis.
Finally, peptides and peptidomimetics comprise an important class
of approved drugs and drug candidates under development. While
high-performance liquid chromatography (HPLC) has been tradi-
tionally the method of choice for the separation and analysis of
peptides, capillary electrophoresis (CE) has emerged as a very use-
ful technique for peptide analysis in recent years. CE is comple-
mentary to HPLC as the selectivities of both techniques are based
on different physicochemical principles. While HPLC separations
are primarily based on the lipophilicity /hydrophobicity of the ana-
lytes, separations in CE are accomplished due to differences in the
charge density (charge-to-mass ratio) of compounds. Thus, separa-
tions that are difficult to achieve with one technique may be easily
performed by the other method. In addition, CE offers rapid
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1.1  Overview

1.1.1

Analyte Separation

method development and is an extremely flexible technique that
offers high peak resolution. CE is very economic since only low
amounts of chemicals and sample are required and no or little
organic solvent is used.

Natural peptides of eukaryotic cells are primarily composed of
the 21 so-called proteinogenic L-configured amino acids but
D-amino acids as well as unusual amino acids can also be found.
Depending on the composition and number of amino acid residues,
peptides may differ in charge, size, shape, hydrophobicity, and
binding capabilities. These physicochemical properties allow their
separation by the various capillary electromigration techniques, i.e.,
capillary zone electrophoresis (CZE), micellar electrokinetic chro-
matography (MEKC), capillary isoelectric focusing (CIEF), or cap-
illary electrochromatography (CEC). This chapter focuses on the
analysis of peptides by CZE. Following a short general overview in
peptide CE separations, important considerations for method
development are discussed and a practical example is presented. For
further details including specifics of the other electromigration
techniques in peptide analysis the reader is referred to recent reviews
[1-11], book chapters [12, 13], and a monograph [14]. The specif-
ics of the migration behavior of peptides and proteins in CEC as a
combination of analyte migration and retention by the stationary
phase have been elaborated [15, 16].

In CE, analytes are separated on the basis of the applied field as a
function of the physicochemical properties such as its charge density
(charge-to-mass ratio) depending on the background electrolyte.
The overall charge of the peptide is the sum of the charges of the
deprotonated (negative) groups and protonated (positive) groups.
Negatively charged groups can arise from the carboxyl acid terminus
as well as the side-chain groups of Asp, Glu, Cys, and Tyr. Groups
that can be positively charged are the terminal amino function and
the lateral groups of Lys, Arg, and His. The charge of a peptide at a
certain pH value can be calculated provided that the exact pK, values
of the ionizable groups of a given peptide are known. However, the
pK, values of peptides are a complex function not only of the amino
acid sequence but also of the whole structure (i.e., the secondary
and tertiary structure) of the peptides. For theoretical considerations
approximations of the p K, values can be used [1, 12].

The electrophoretic mobility, u, of a particle in electrophoresis
is described by the electrophoretic equation

)
6nmnr

where gis the charge and 7 the Stokes radius of the particle. 7 is the
viscosity of the electrolyte solution and 6x a factor for spherical par-
ticles. In order to predict the mobility of a peptide, the Stokes
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radius, 7, must be known. As this information cannot be obtained
from the amino acid sequence, different approaches have been
taken in order to predict the mobility of peptide analytes [8,9,17].
The first approaches correlated the size (expressed as molecular
mass or number of amino acids) and charge (derived from the pK,
values of functional groups) as variables with the observed electro-
phoretic mobility. In several studies good correlations between the
electrophoretic mobility, p., and the ratio g/M,* were observed
with the parameter x with values between 1/3 and 2 /3. However,
these two-variable models were mostly applicable only to a rela-
tively narrow set of peptides differing not too much with respect to
size, charge, and charge distribution. Subsequently, multi-variable
models including further parameters such as length and width of
the peptide chain, a steric substitution constant, or molar refractiv-
ity (related to the volume of the molecules) were developed in order
to achieve a better fit between the mobility and the variables.
Artificial neuronal network approaches have also been undertaken
[17]. Nonetheless, the exact prediction of the mobilities of peptides
as a function of their charge and size remains a challenging task.

Background electrolyte pH is the most important factor in CE
as it regulates the charge of the peptides. Theoretical consider-
ations [12] suggest that the best resolution between peptides
occurs at a pH value where the peptide mobility is not very high.
However, since short analysis time is often required separations are
often performed at a lower pH value where resolution is still good
and peptide charge is high. Other requirements such as stability or
suppression of wall interactions may also apply. Overall, good sepa-
rations are often achieved at a buffer pH close to the pK, values of
the terminal carboxyl group or side-chain carboxyl groups when
Asp or Glu is present. Further variables influencing the electropho-
retic analyte mobility may have to be optimized if buffer pH mod-
ulation cannot achieve sufficient resolution. These factors include
the ionic strength (concentration) of the bufter, capillary tempera-
ture, applied voltage, or the use of buffer additives such as organic
solvents, surfactants, ion pair reagents, metal ions, or chiral selec-
tors (see method development).

Different separation modes are available in CE. Capillary zone
electrophoresis (CZE, often simply also referred to as CE) is the
most universal, most powerful, and most frequently used separation
mode for peptide analysis. The peptides are resolved based on charge
and size, i.e., differences in the electrophoretic mobility due to dif-
ferent charge densities. In micellar electrokinetic chromatography
(MEKC) a detergent is added at concentrations above the critical
micelle concentration resulting in the formation of micelles as a
pseudostationary phase. In this mode analytes are separated based
on the partition coefficients between the aqueous and the micellar
phase in addition to electrophoretic mobility. Thus, MEKC can be
applied to the analysis of electroneutral (uncharged) peptides but it



368 Gerhard K.E. Scriba

1.1.2 Detection

can also be utilized for charged compounds when sufficient resolu-
tion by CZE cannot be obtained. Microemulsion electrokinetic
chromatography (MEEKC) utilizes an optically transparent micro-
emulsion as pseudostationary phase. The separation mechanism and
analytical applications of MEEKC are comparable to MEKC. Analyte
separation in capillary isotachophoresis (CITP) is based on the
mobilities of the compounds between a leading electrolyte and a
terminating electrolyte leading to distinct zone of the individual
analytes immediately following each other. CITP as such has not
been widely applied to peptide separations but isotachophoretic
principles are used in preconcentration stacking procedures. In cap-
illary isoelectric focusing (CIEF) peptides are separated in a pH gra-
dient based on their isoelectric point. However, because the effective
charge of small peptides similar to amino acid approaches zero over
a rather broad pH range, the application of CIEF to oligopeptide
analysis is rather limited. It is used for the characterization of large
polypeptides as well as for the determination of microheterogeneity
of polypeptides. Capillary gel electrophoresis (CGE) utilizing sepa-
rations based on molecular size in sieving media (gels) is primarily
used for the analysis of oligonucleotides and macromolecules such as
DNA or proteins. Capillary electrochromatography (CEC) is con-
sidered a hybrid technique between HPLC and CE combining the
high peak efficiency of CE with the separation selectivity of a station-
ary phase. The driving force in CEC is the electroosmotic flow gen-
erated upon application of the electric field along the capillary as a
consequence of the charged surface of the capillary or the packing
material. Although currently not considered a mature technique
CEC has been also applied to peptide analysis. For a discussion of
the migration behavior of peptides in CEC see ref. [16].

As for other analytes the detection of peptides in CE can be a chal-
lenging task due to the microscale capillary dimensions and the
small amount of injected sample. UV detection in the short wave-
length region at 200-220 nm is the most commonly used method
of detection of peptides in CE. The absorbance in this UV region
is due to the absorbance of the peptide amide bonds. Some struc-
tural information such as the presence of aromatic amino acids
such as Phe, Tyr, or Trp can be obtained by scanning the UV
spectrum when using a diode array detector (DAD). UV detection
limits are typically not better than the low micromolar range (10-°-
10° M). Lower detection limits may be achieved by increasing the
optical pathlength by applying different capillary detection cell
geometries such as bubble cells or Z-cells. Another approach to
increase the sensitivity is the derivatization of the peptides yielding
derivatives with higher molar absorptivities [18, 19].

Fluorescence as a more sensitive detection method of native
peptides is only possible when the aromatic amino acids Tyr or Trp
are present but both amino acids are poor fluorophores and require
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excitation in the 210-290 nm wavelength range. Detection limits
may be improved by a factor of 10-100. More commonly, laser-
induced fluorescence (LIF) detection of peptides in CE is based on
labeling the peptides with a fluorescent tag that can be excited at
the wavelength of the commercially available He-Cd laser (325 nm)
or argon-ion laser (488 nm). Several chemistries have been devel-
oped mostly derivatizing the amine residues in peptides [18-23].
Examples include o-phthalaldehyde, naphthalene-2,3-
dicarboxaldehyde, fluorescamine, or 3-(4-carboxybenzyl)-2-quin-
oline carboxaldehyde as reagents for primary amino groups.
9-Fluorenylmethyl chloroformate and fluorescein isothiocyanate
label primary and secondary amino groups. When multiple reactive
sites are available the chemistry has to be optimized to yield a sin-
gle product. Derivatization is performed either after the CE sepa-
ration (post-column) or more frequently before injecting the
samples into the system (pre-column). Typically the detection limit
of LIF is in the 10~ M range, corresponding to an increase in sen-
sitivity of 1000 compared to UV detection.

Mass spectrometry (MS) is an ideal detection technique in pep-
tide CE analysis especially for complex mixtures of biomolecules
[24-26] including biomarker peptidomics/proteomics analysis [27—
30]. CE-MS not only allows high-accuracy determination of the rela-
tive molecular masses of the separated peptides but also provides
important structural data on the amino acid sequence or sites of post-
translational modifications via tandem MS (MS/MS). Electrospray
ionization (ESI) MS is the preferred mode for online coupling of CE
with MS. Typical mass analyzers comprise triple-quadrupole, time-
of-flight (TOF), quadrupole-TOF, as well as ion-trap instruments.
Unfortunately, CE-ESI-MS is not extremely sensitive due to the
necessity of a sheath liquid flow in most applications in order to
obtain a stable electrospray. This results in a dilution of the sample
with concomitant loss of sensitivity. Nevertheless, very sensitive appli-
cations have also been developed. Matrix-assisted laser desorption
ionization (MALDI) is applied primarily in the off-line mode.
Furthermore, CE coupled to Fourier-transform ion cyclotron reso-
nance (FT-ICR) MS has been applied in peptide analysis [31, 32].

Further detection modes applied in CE include refractive
index, electrochemical (potentiometric, amperometric, capacitively
coupled contactless conductivity), chemiluminescence, and mid-
infrared detectors.

The suppression of the adsorption of peptides to the inner surface of
unmodified fused silica capillaries may be required for larger pep-
tides while small peptides normally do not trend to adsorb to the
capillary wall. Wall adsorption is believed to be based primarily on
ionic interactions between the ionized silanol groups of the fused
silica wall and the peptides, especially basic peptides. Subsequently,
several strategies for a suppression of wall adsorption may be
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1.1.4 Sample
Concentration

employed. The analysis can be performed at extreme pH values of
the background electrolyte where either the silanol groups are not
dissociated (low pH) or the peptide is negatively charged (high pH)
leading to electrostatic repulsion. High-ionic-strength bufters also
reduce analyte-wall interactions due to competition of the buffer
ions with the binding sites on the capillary wall. However, their use
is limited due to the high electrical current generated leading to
excessive Joule heating and subsequent loss in separation efficiency.
More appropriate and effective suppression of wall adsorption can
be achieved by dynamic or permanent coating of the capillary sur-
tace blocking the silanol interaction sites for the analytes. Dynamic
(reversible) coating can be performed by the addition of (oligo)
amines or quaternary ammonium compounds, neutral polymers, or
neutral and zwitterionic surfactants to the background electrolyte
[33-35]. Positively charged coatings based on polybrene, multilayer
coatings such as polybrene-dextran sulfate-polybrene, polyethylenei-
mine, or N, N-dimethylacrylamide-ethylpyrrolidine methacrylate in
combination with low-pH-background electrolytes can be employed
because under these conditions both peptides and capillary wall are
positively charged avoiding peptide-wall interactions.

Permanent coatings require the formation of a chemical bond
between the silanol groups of the fused silica capillary and the coat-
ing material, usually a polymer. The reactions typically involve the
formation of a covalent bond with a reagent containing a double
bond and subsequent binding of a polymer to this intermediate
layer. Several chemistries have been developed for the reproducible
formation of hydrolytically stable, covalently bound polymers
including poly(acrylamide) derivatives, polyvinyl alcohol, polyeth-
ylene glycol, and cellulose derivatives [ 34—37].

Both dynamic and permanent coatings are also used for effi-
cient control of the EOF [35]. Coated capillaries as well as kits for
dynamic coatings are commercially available. Strategies in peptide
analysis can also be found in refs. [2, 3, 6-11].

The concentration of peptides in synthetic samples usually does
not represent a problem. However, for the analysis of compounds
in biological samples preconcentration may be required in order to
achieve the appropriate sensitivity. Generally, the same principles
are applied in peptide CE analysis as for nonpeptide analytes.
Sample concentration can be either performed off-line by solid-
phase or liquid-liquid extraction or online by chromatographic or
more frequently by electrophoretic stacking techniques. CE with
online enrichment for the analysis of biological samples by chro-
matographic and electrophoretic preconcentration [38] as well as
general sample stacking strategies [ 39—42 ] have been summarized.
Further specific examples in peptide analysis can be found in refer-
ences [2, 3,6-11].
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The separation of peptides by CE has been described in numerous
publications. Especially the increasing number of recombinant DNA
technology products has expedited the use of CE in peptide analysis
as the major technique for peptide characterization as well as a com-
plementary method to HPLC in quality control of synthetic and
fermentation products. Any reaction resulting in a change of the
charge and/or size of a peptide can be monitored by CE. These
include degradation reactions such as hydrolysis, oxidation, or
deamidation as well as posttranslational modifications such as glyco-
sylation or phosphorylation. In addition, sample microheterogene-
ity resulting from multiple modification sites may be analyzed.
Analytical CE of peptides can be divided into the following catego-
ries: (1) the use of peptides as model compounds to study fundamental
aspects of CE or to demonstrate the feasibility of a certain concept or
technique; (2) the analysis of synthetic peptides for purity control; (3)
the analysis of bioactive peptides in biological samples; and (4) the anal-
ysis of peptide maps following tryptic digestion of proteins. The latter is
also used to study posttranslational modifications. Applications of CE to
peptide analysis have been summarized in Table 1. Further examples

Examples of the application of CE to the analysis of peptides

Type of analysis

Examples

Peptide mapping

Growth hormones, erythropoietin, granulocyte-stimulating factor,
ovalbumin, human tissue plasminogen activator, somatotropin,
interleukins, a-casein, p-casein, p-lactoglobulin

Peptide identification/separation  Natural and synthetic peptides including enkephalins, insulins,
of closely related peptides dynorphin analogs

Purity of peptides

Adrenocorticotropic hormone, endorphins, cholecystokinin,
insulin, neuropeptide Y, hirudin, insulin-like growth factor,
bradykinin, ginseng polypeptide, protergin IB-367,
somatostatin, vasopressin, tetracosactide, cyclosporine A,
dalargin, lecirelin, IgG1 fragment

Peptide degradation/stability Insulin, goserelin, Asp tripeptides, Asp hexapeptide, neuropeptide

Stereoisomer analysis

Y, LHRH analogs, cyclosporin A

Di-, tri-, and tetrapeptides, N-derivatized peptides, peptide-
derived drugs, neuropeptide Y

Bioanalysis of physiological Enkephalins, vasoactive intestinal peptide, cytokines, gonadorelin,

peptides

angiotensin II, glutathione, neurotensin, vasopressin,
somatostatin, thyreotropin-releasing hormone, amyloid
peptides, glutathione, neuropeptides

Determination of reaction kinetics Peptide oxidation, kinase and phosphatase activity, angiotensin-

Determination of pK,

converting enzyme activity

Di-, tri-, and tetrapeptides, enkephalins, phosphinic
pseudopeptides
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1.2 Method
Development

include monitoring reactions such as homo- and heterodimer forma-
tion, cis/trans interconversion of Pro-peptides, and peptide folding and
unfolding as well as the complexation between peptides and natural or
synthetic polymers (see also refs. [ 1-13]). CE can be used for the deter-
mination of physicochemical constants such as pK, and plI values or
lipophilicity (log D).

CE-MS has also been established as a powerful analytical tool in
biomarker discovery and peptidomics/proteomics [27, 28, 43].
Peptidomics comprise the qualitative and quantitative analysis of
physiologically active peptides within an organelle, a cell, a tissue, or
an organism under a certain condition or at a given point of time
[44]. The term typically refers to polypeptides in the range of about
500-20,000 Da, bridging the gap between proteomics and metab-
olomics. The polypeptides may be intact small molecules such as
hormones, cytokines, and growth factors released by the action of
proteolytic enzymes from large protein precursors or they may be
protein degradation products. Therefore, peptides in biological flu-
ids reflect protein synthesis, processing, and degradation which may
be different in health and disease states of individuals. Serum and
urine have been primary physiological fluids analyzed in peptido-
mics with thousands of polypeptides identified in these matrices
[29, 30, 43, 45—47]. Analyzing serum, it should be kept in mind
that some of the high-abundance peptides originate from coagula-
tion and complement cascades that occur ex vivo after obtaining the
sample. Databases as well as standards have been established for the
peptidome in human urine for clinical diagnosis [48-50].

A specific application of CE is the separation of peptide stereo-
isomers. Such analyses are important to monitor stereoisomer purity
of synthetic peptides in quality control. Peptide diastercomers can
often be separated in CE without chiral background electrolyte
additives as diastereomers differ in their physicochemical properties.
Thus, careful manipulation of the buffer pH can exploit the small
differences in the p K, values. Most peptide diastereomer separations
reported so far have been achieved in the acidic pH region. The
resolution of peptide enantiomers can be performed by the indirect
or direct method. The indirect method involves the derivatization
with a stereochemically pure agent to form diastereomers, which can
be subsequently separated in an achiral system [51-55]. The direct
enantioseparation is based on the formation of transient diastereo-
meric complexes between the analyte enantiomers and a stereo-
chemically pure chiral selector. Native and derivatized cyclodextrins,
the chiral crown ether (+)-(18-crown-6)-2,3,11,12-tetracarboxylic
acid, the macrocyclic antibiotics vancomycin and teicoplanin, chiral
ligand exchange complexation, and chiral ion-pair formation have
been applied for peptide enantioseparations [51-55].

Generally, method development in CE analysis of peptides follows
the principal considerations for method development of non-peptide
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analytes. The effect of important variables on peptide analysis will be
briefly discussed here; a more general and detailed discussion of the
various parameters can be found in the literature [56, 57].

In CE, the resolution and efficiency are proportional to the length of
the capillary under a constant electric field. Efficiency and migration
times increase linearly while resolution depends on the square root of
length. Therefore, improving efficiency and resolution by increasing
the length of the capillary occurs at the expense of increased analysis
time. Generally, longer capillaries may be required for the analysis of
complex mixtures while short capillaries are preferred for less com-
plex mixtures or in the case of very long analysis times.

With respect to the inner diameter (ID) of the capillary, some
loss of efficiency and resolution is observed when increasing the
capillary diameter. Small ID capillaries allow the use of higher ionic
strength buffers and higher applied voltages because less Joule heat
is generated. The capillary diameter has only little effect on the
electroosmotic flow. On the other hand, the sensitivity increases
with diameter because the optical path is increased. Moreover,
large-bore capillaries allow higher mass loading.

In CE peptide separations, unmodified fused-silica capillaries are
often used. If surface interaction of the analytes is observed, inter-
mediate rinses with sodium hydroxide solutions may be required.
Alternatively, coated capillaries can be used to suppress wall interac-
tions. Hydrophilicity and hydrophobicity of the inner wall can be
manipulated. In addition, coated or surface-modified capillaries
modity, stabilize, eliminate, or reverse the electroosmotic flow by
producing a stable, reproducible surface. Surface coating may also
alter the separation selectivity. For the various chemistries for
dynamic and permanent surface modifications see refs. [33-37].
Low-pH background electrolytes are often combined with either
positively charged dynamic coatings or neutral permanent coatings.

In CE, solute migration velocity, separation efficiency, and peak
shape are sensitive to characteristics of the buffer (background
electrolyte). The buffer controls not only the ionization and migra-
tion of the analytes but also the magnitude of the electroosmotic
flow (EOF) which is driven by the residual charges of the inner wall
of the separation capillary. Moreover, the buffer capacity has to be
high enough to ensure that the local pH and conductivity will not
change as the result of the introduction and migration of the sam-
ple across the capillary. Additional factors that should be consid-
ered when selecting an appropriate bufterin CE are the compatibility
of the background electrolyte with the stability of the analytes and
other additives, running current (see applied voltage above), or
UV absorbance. A detailed discussion can be found in ref. [58].
The pH of the separation buffer is the most important param-
eter for optimizing the separation selectivity. Although CE peptide
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analysis has been reported over a wide range of pH, two pH regions
appear to be especially useful. At low pH, i.e., pH 24, the basic
groups of the peptides are protonated and the peptides migrate as
cations. Selectivity (differences in the electrophoretic mobilities)
can be achieved by exploiting small differences in the dissociation
equilibria of the acidic groups. The pK, of the C-terminal carboxyl
groups is around 3, and the pK, of side-chain carboxyl groups of
Asp and Glu ranges between 3.5 and 4.5. The exact pK, depends
not only on the individual amino acid but also on the amino acid
sequence and the microenvironment within the peptide resulting in
small pK, differences even of closely related peptides, which can be
exploited for their CE separation. In addition, at pH <3 the disso-
ciation of the silanol groups of the capillary wall is negligible so that
wall adsorption of analytes onto the surface is suppressed. Figure 1
illustrates the effect of pH between 2.5 and 3.5 for a set of nine
peptides. At pH 2.5 two peptides comigrate (bradykinin and angio-
tensin I). Increasing the pH results in a separation of these two
peptides but interference between other peptides is observed. In
addition, the migration order of peptides 5-8 changes. For exam-
ple, the dipeptide L-Ala-D-Phe (peptide 5) migrates faster than the
tripeptide Gly-Leu-Tyr (peptide 6) below pH 3 while the migration
order is reversed at pH values of 3.0 and above. Apparently the
carboxylic acid group of L-Ala-D-Phe is more acidic resulting in a
lower overall positive charge of the smaller peptide which translates
into slower electrophoretic migration at pH 3 and above.

An example for a separation of closely related peptides based on
differences in the pK, values is shown in Fig. 2. The peptides differ
only in the position of the amide bond with respect to Asp. In one
peptide Asp is connected to the following amino acid via the a-carboxyl
group, while the amide bond is formed with the p-carboxyl group of
the side chain of Asp in the case of the other peptide (so-called B-Asp
or iso-Asp linkage). Moreover, peptide diastereomers can also be sepa-
rated at acidic pH due to small differences in the dissociation equilib-
ria of the diastereomers. This is illustrated by the separation of
L-Ala-L-Phe and L-Ala-D-Phe in Fig. 1 as well as by the examples of
the pair of isomeric tripeptides Phe-Asp-GlyNH, and Phe-p-Asp-
GlyNH, in Fig. 3. The latter example shows the simultaneous separa-
tion of isomeric a-Asp and pB-Asp peptides and their diastereomers.

Phosphate buffers are often used at acidic pH values. Substituting
the buffer cation by organic amines such as triethylamine or trietha-
nolamine may be beneficial for peptide separations. The amines are
positively charged at low pH covering residual charges on the capil-
lary wall and, thus, suppressing analyte wall interactions. In addition,
an anodic EOF is generated by adsorption of the amines to the capil-
lary wall often resulting in increased efficiency. Figure 4 compares
the effect for a mixture of peptides at pH 2.7 using sodium phos-
phate buffer and triethanolamine-phosphate buffer obtained by
titration of phosphoric acid with triethanolamine to pH 2.7.
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Fig. 1 Separation of model peptides at different buffer pH values. Experimental conditions: fused-silica capil-
lary, 50 cm effective length, 57 cm total length, 50 um ID; 50 mM sodium phosphate buffer; 25 kV, 20 °C;
detection wavelength 215 nm. For peptide identification see Table 2
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Fig. 2 Separation of a-Asp and -Asp peptides. (a) Isomeric angiotensin Il peptides Asp-Arg-Val-Tyr-lle-His-
Pro-Phe (1) and p-Asp-Arg-Val-Tyr-lle-His-Pro-Phe (2); (b) isomeric f-amyloid peptide fragment (4) Phe-Arg-
His-Asp-Ser-Gly (3) and Phe-Arg-His-B-Asp-Ser-Gly. Experimental conditions: fused-silica capillary, 40 cm
effective length, 47 cm total length, 50 pm ID; 50 mM sodium phosphate buffer, pH 2.5 (a) or pH 3.0 (b); 20 kV,
20 °C; detection wavelength 215 nm
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Fig. 3 Simultaneous separation of the diastereomers of the isomeric tripeptides
Phe-a-Asp-GlyNH, and Phe-{3-Asp-GlyNH,. Experimental conditions: fused-silica
capillary, 40 cm effective length, 47 cm total length, 50 pm ID; 50 mM sodium
phosphate buffer, pH 3.0; 23 kV, 20 °C; detection wavelength 215 nm
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Fig. 4 Influence of the buffer type on the separation of model peptides. (a) 50 mM Sodium phosphate buffer,
pH 2.7; (b) 50 mM phosphoric acid titrated to pH 2.7 with triethanolamine. Experimental conditions: fused-
silica capillary, 50 cm effective length, 57 cm total length, 50 pm ID; 25 kV, 20 °C; detection wavelength
215 nm. For peptide identification see Table 2

A further useful pH range especially for basic peptides is pH
8-10. At this pH the peptides bear negative charges and migrate as
anions. The dissociation equilibria of basic groups can be targeted
to achieve selectivity. The pK, values of peptide N-termini range
between 7.5 and 9 depending on the amino acid while pK; values
of His and Lys are about 6 and 10, respectively. The pK, of Arg is
too high to be useful. At high pH the fused-silica silanol groups are
also deprotonated so that the adsorption of peptides onto the cap-
illary wall is minimized due to electrostatic repulsion.
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Table 2
Peptides and amino acid sequence

No. Amino acid sequence Peptide

1 Arg-Val-Tyr-Ile-His-Pro-Phe Angiotensin I1I
2 Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu Angiotensin I

3 Asp-Arg-Val-Tyr-Ile-His-Pro-Phe Angiotensin 11
4 L-Ala-L-Phe

5 L-Ala-D-Phe

6 Gly-Leu-Tyr

7 Trp-Met-Asp-PheNH, Tetragastrin

8 Tyr-Gla-Gly-Phe-Leu Leu-enkephalin
9 Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg Bradykinin

Buffer capacity has to be high enough to provide a stable pH
throughout the separation. The capacity is directly proportional to
the overall concentration of the buffer as well as the concentration
ratio of the acidic and basic buffer species. A bufter is most effective
at pH values close to the pK, of the buffer acid. Generally, a buftfer
should only be applied in the pH range within +1 units of the pK..
High buffer concentrations (ionic strength) reduce analyte wall
interactions, EOF, and electrophoretic analyte mobility resulting in
an increase in resolution and efficiency (Fig. 5). In addition, analyte
stacking effects can be achieved using high concentrations of sepa-
ration buffers. On the other hand, the concentration of the electro-
lytes influences the electrical current and Joule heating, thus limiting
the buffer concentration. Buffer anions as well as buffer cations can
influence the EOF, analyte mobility, selectivity, and resolution so
that careful adjustment of the buffer can improve a separation. A
special class of buffers are the so-called isoelectric bufters. These
buffers consisting of amphoteric compounds such as cysteic acid,
iminodiacetic acid, aspartic acid, or glutamic acid possess a much
lower conductivity compared to ionic salt buffers so that high oper-
ating voltages can be applied. For a detailed discussion of the theory
and application of these buffers see ref. [59].

If pH optimization does not result in a sufficient resolution, buffer
additives can be applied in order to maximize differences between
the analytes and/or suppress undesired interactions. The most
important classes of additives will be briefly addressed. Additives
may be combined.
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Fig. 5 Influence of buffer concentration on the separation of a mixture of synthetic peptides. Experimental
conditions: fused-silica capillary, 8.5 cm effective length, 37 cm total length, 100 pm ID; sodium phosphate
buffer, pH 2.0; —6.8 kV, 22 °C; detection wavelength 214 nm. Peptides: 1, Asp-His-Asp-lle-Asn-Arg; 2, Trp-
Asp-His-Asp-lle-Asn-Arg; 3, Ser-Trp-Asp-His-Asp-lle-Asn-Arg; 4, Asn-Ser-Trp-Asp-His-Asp-lle-Asn-Arg; 5,
His-Asn-Ser-Trp-Asp-His-Asp-lle-Asn-Arg; 6, His-His-Asn-Ser-Trp-Asp-His-Asp-lle-Asn-Arg; 7, His-His-His-
Asn-Ser-Trp-Asp-His-Asp-lle-Asn-Arg; 8, his-His-His-Asn-Ser-Trp (reprinted with permission by Elsevier from
ref. [66] © 2003)

Organic solvents such as methanol, ethanol, 1-propanol,
2-propanol, or acetonitrile modify buffer viscosity, separation
selectivity, and EOF. The electrical current decreases as the con-
centration of the organic solvent is increased. The effect of the
organic solvents on a separation is difficult to predict. Acetonitrile
typically leads to an increase of the EOF and a reduction of the
analysis time while methanol increases the migration time of the
analytes. Trifluoroethanol has also been successfully applied to
peptide separations [60]. Organic solvents also affect the dissocia-
tion equilibria of solutes resulting in a change of the electropho-
retic mobility compared to pure aqueous buffers. Thus, resolution
and separation efficiency can change.

The addition of detergents above the critical micelle concen-
tration (cmc) yields micelles as pseudostationary phase. This sepa-
ration mode, also called micellar electrokinetic chromatography
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(MEKC), was developed for the separation of neutral (uncharged)
analytes. A separation is based on the partitioning of the analytes
between the micelles and the buffer according to the lipophilicity
of the compounds. With respect to peptide analysis, MEKC is suit-
able for the separation of hydrophobic peptides and peptides
derivatized at the N- or C-terminus. But the method can also be
employed to modulate the selectivity in the separation of closely
related charged peptides by introducing lipophilicity as an addi-
tional differentiating parameter. Sodium dodecyl sulfate (SDS) is
probably the most frequently used surfactant in MEKC working
well in alkaline to neutral pH buffers but separations in low pH
buffers have also been reported. Cationic surfactants, for exam-
ple, cetyltrimethylammonium bromide (CTAB) or dodecyltri-
methylammonium bromide (DTAB), reverse the EOF due to the
formation of a layer producing a positively charged capillary
surface. Zwitterionic surfactants such as 3-[(3-cholamidopropyl)
dimethylammonio - 1-propanesulfonate (CHAPS), neutral
detergents, for example, derivatives of the Tween or Brij series, as
well as combinations of detergents have also been used. Altering
the nature of the surfactant greatly affects the analyte interactions
with the micelles and, therefore, separation selectivity and analyte
migration order. Detergents are often combined with organic sol-
vents or cyclodextrins. For a detailed discussion on theoretical con-
siderations and surfactant selection in MEKC of peptides see ref.
[61]. Figure 6 illustrates the effect of MEKC in the separation of a
set of dynorphin analogs obtained by an Ala scan using the zwit-
terionic detergent CHAPS as additive.

Addition of ion-pair reagents, for example trifluoroacetic acid
or the sodium salts of alkylsulfonic acids such as hexanesulfonic acid
or heptanesulfonic acid, has been especially useful for the separation
of smaller hydrophilic peptides. The ion-pair reagent neutralizes
ionic groups of opposite charge and increases the hydrodynamic
radius of the analytes. In addition, the ionic strength of the back-
ground electrolyte is increased and the EOF is reduced. The com-
bined effects may or may not improve the resolution depending on
the nature of the analytes. In addition, selectivity changes may be
observed. An example comparing the separation of dynorphin ana-
logs using “plain” buffer and upon addition of the ion-pair reagent
hexanesulfonic acid sodium salt is illustrated in Fig. 6.

Cyclodextrins (CDs) are typically employed as chiral selectors
for enantioseparations. CDs are cyclic oligosaccharides. The most
commonly used compounds are a-CD, -CD, and y-CD consist-
ing of 6, 7, and 8 a-(1,4)-linked glucopyranose units, respectively.
Many neutral and charged derivatives especially of f-CD are com-
mercially available. CDs have the shape of a truncated cone with a
hydrophobic cavity and a hydrophilic outer side. They form com-
plexes with a variety of solutes by inclusion of lipophilic moieties of
these molecules into the cavity. CDs have been effectively used for
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Fig. 6 Comparison of the separation of peptides in (a) CZE mode, (b) MEKC mode, and (¢) addition of an ion-
pair reagent. Experimental conditions: fused-silica capillary 61.2 cm effective length, 69.7 cm total length,
50 mm ID; (a) 100 mM sodium phosphate buffer, pH 3.5, (b) 100 mM sodium phosphate buffer, pH 3.5, con-
taining 35 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and (¢) 100 mM
sodium phosphate buffer, pH 3.5, containing 100 mM 1-hexanesulfonic acid sodium salt; 25 kV, 17 °C; detec-
tion wavelength 200 nm (adapted with permission by WILEY-VCH from ref. [67] © 2000)

the separation of the enantiomers of small peptides (for reviews
also on the use of other chiral selectors for peptide enantiosepara-
tions see refs. [51-55]). However, the compounds can also be used
to alter resolution and selectivity of peptide separations when chiral
resolution of analytes is not an issue. Complexation results in an
altered hydrodynamic radius and, subsequently, in a ditferent elec-
trophoretic mobility of the solutes.

Further additives include amines, zwitterions, urea, soluble
polymers, water-miscible solvents with high viscosity, and metal
ions. (Poly)amines are modifiers of the EOF and suppress analyte-
wall interactions as do soluble polymers. Metal ions such as Zn?*
can be useful for the analysis of His-containing peptides.
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The applied voltage affects efficiency, resolution, and migration time
(Fig. 7). Efficiency and resolution increase with increasing voltage
while migration time decreases. However, high voltage produces
high Joule heat. The optimum applied voltage can be derived from
an Ohm’s plot depicting the current as a function of the applied
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Fig. 7 Separation of model peptides at different applied voltages. Experimental conditions: fused-silica capil-
lary, 50 cm effective length, 57 cm total length, 50 um ID; 50 mM sodium phosphate buffer; 20 °C; detection
wavelength 215 nm. For peptide identification see Table 2
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1.2.5 Capillary
Temperature

voltage. Deviation of current from the linear relationship signals the
generation of Joule heat. Certain buffers such as the so-called Good
bufters produce only relatively low currents even at high concentra-
tions. It has also been shown that it may be feasible to use a voltage
gradient during the electrophoretic run instead of a constant applied
voltage in order to increase the separation efficiency [62].

The temperature of the capillary has significant effects on the vis-
cosity of the background electrolyte, electric current, and migration
time. Therefore, efficient capillary temperature control is required
for reproducible analyses. Increasing the temperature results in a
lower viscosity of the separation buffer and a higher electropho-
retic mobility of the analytes (Fig. 8). Both are inversely propor-
tional to temperature. High temperatures also result in high
currents. In addition, temperature can affect analyte solubility and
buffer pH, resolution, and efficiency. High temperatures should be
avoided when organic solvents are used as buffer additives.
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Fig. 8 Separation of model peptides at different temperatures. Experimental conditions: fused-silica capillary,
50 cm effective length, 57 cm total length, 50 um ID; 50 mM sodium phosphate buffer, pH 2.7; 25 kV; detection
wavelength 215 nm. For peptide identification see Table 2
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and Injection

1.2.7 Method
Development Strategy
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The type of sample matrix can range from a (simple) aqueous solu-
tion to a complex biological sample such as plasma. Interactions of
matrix components with analytes or the capillary wall may be the
reason for reduced efficiency and reproducibility. Ideally, the sample
has a lower conductivity than the run bufter allowing online focus-
ing (stacking) of the components. High salt content of the sample
results in peak broadening. In addition, the injected amount of the
sample should be considered. The injected amount can be increased
either by increasing the sample concentration or by applying longer
injection times. While sufficiently high concentrations are needed
to achieve the desired sensitivity, too high concentrations lead to
mass overload. A long injection plug, i.e., using long injection
times, results in reduced resolution. Stacking techniques should be
considered when high sensitivity is required [39—42].

According to the points outlined above a successful method devel-
opment strategy includes evaluation of the parameters listed below.
The listing is not comprehensive; further parameters may apply.
For rational method development multivariate optimization of the
experimental parameters using chemometric approaches (experi-
mental design) is preferable as compared to univariate method
optimization [63-65].

1. Peptide solubility: Ensure that the analytes are soluble and sta-
ble in all separation solutions. If large amounts of organic sol-
vents are necessary, evaluate the application of MEKC for
peptide analysis.

2. Capillary dimensions: A fused-silica capillary with an effective
length of 40-50 cm and an inner diameter of 50 pm is a good
first choice with respect to resolution, effective heat dissipa-
tion, and detection sensitivity. For increased detection sensitiv-
ity or increased mass loading capacity capillaries with larger
inner diameters (100-200 pm) may be required.

3. Capillary coating: Coated capillaries can be used for specific
applications and modification of the EOF as well as suppres-
sion of analyte adsorption to the capillary wall. Dynamic as
well as permanent coatings may be applied. Low-pH-
background electrolytes are often combined with either posi-
tively charged dynamic coatings or neutral permanent coatings.
Permanently coated capillaries as well as kits for dynamic coat-
ings are commercially available.

4. Capillary temperature: 20-25 °C is a good starting point. For
fast separations use 30-60 °C; for high-concentration buffers
or difficult separations 15-20 °C may apply. For optimization
vary the temperature in 5 K increments.

5. Optimization of buffer pH: pH 2.5-4.0 (pK, of acidic groups)
and pH 8.0-10.0 (pK, of basic groups) can be used for most



384 Gerhard K.E. Scriba

peptides. In the pH range 4-7 the EOF will vary significantly
with small changes of the buffer pH which can lead to poor
repeatability of the migration times. The buffer should be
selected to provide good pH control of the specific pH (pK, of
bufter acid close to pH). Optimization of the pH should be
performed in 0.1-0.5 pH increments.

. Optimization of buffer concentration: Start with 50-100 mM

buffers for 50 pm ID capillaries. Use higher ionic strength buf-
fers for the separations of closely related peptides or if a large
number of peptides has to be analyzed simultaneously.

. Optimization of separation voltage: Construction of an Ohm’s

plot (observed current versus applied voltage) for a given sepa-
ration buffer indicates the voltage that will give the best resolu-
tion and efficiency within the shortest analysis time. Use
2.5-5 kV increments for the construction of Ohm’s plots.

. Selection of buffer additives: The use of buffer additives may be

required in order to maximize selectivity and /or to mask interac-
tions. Organic solvents (1-50%) increase the solubility of lipo-
philic peptides and modity the EOF. Ionic surfactants (5-200 mM
depending on the surfactant) can be applied in the case of hydro-
phobic and neutral peptides; the additional use of nonionic sur-
factants (5-50 mM) or organic solvents (1-20%) can modify
analyte partitioning. Ion-pair reagents (10-100 mM) are effective
for the separation of small hydrophilic peptides. CDs (10-50 mM)
may also be used for selectivity enhancement for separations of
smaller peptides. (Poly)amines and soluble polymers suppress
hydrophobic interactions between peptides and the capillary wall.

2 Materials

2.1 CE Instrument 1.

and Equipment

A commercial CE instrument with a high voltage source (up
to 30 kV) and a photodiode array detector. A P/ACE MDQ
CE System (Beckman Coulter, Fullerton, CA, USA) is suit-
able (see Note 1).

. Uncoated fused silica capillaries (e.g., from Polymicro

Technologies, Phoenix, AZ, USA) with an internal diameter of
50 pm, an effective length of 30 cm, and a total length 0f40.2 cm
(see Note 2). Install the capillary into the capillary cartridge
according to the manufacturer’s instructions (see Note 3).

. A commercial pH meter for pH adjustment of the background

electrolytes.

. An ultrasonic bath for sample and CD dissolution as well as for

degassing of the solutions.

. Syringe filters containing polyester filter membranes with a

pore size of 0.20 pm (e.g., from Macherey-Nagel, Diiren,
Germany). The use of 0.45 pm filters is also possible.



2.2 CGChemicals

2.3 Background
Electrolytes (See
Notes 4 and 5)

2.4 Sample Solutions
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6. A Milli-Q water purification system for preparation of ultra-
pure water (e.g., a Milli-Q Direct 8 system, Millipore, Billerica,
MA, USA).

Buffer salts, acids, and bases are obtained from commercial sources
at the highest purity available.

1. L-Ala-L-Phe (Bachem AG, Bubendorf, Switzerland).
2. L-Ala-D-Phe (Bachem AG, Bubendorf, Switzerland).
3. Gly-Leu-Tyr (Bachem AG, Bubendorf, Switzerland).
4

. Angiotensin I trifluoroacetate (Bachem AG, Bubendorf,
Switzerland).

5. Angiotensin IT acetate (Bachem AG, Bubendorf, Switzerland).
6. Angiotensin IIT (Bachem AG, Bubendorf, Switzerland).

7. Bradykinin acetate (Bachem AG, Bubendorf, Switzerland, or
Sigma-Aldrich, St. Louis, MO, USA).

8. Leu-enkephalin (Bachem AG, Bubendorf, Switzerland, or
Sigma-Aldrich, St. Louis, MO, USA).

9. Tetragastrin (Bachem AG, Bubendorf, Switzerland, or Sigma-
Aldrich, St. Louis, MO, USA).

For the amino acid sequence of the peptides see Table 2.

50 mM sodium phosphate buffer (pH 2.5-3.5): Dissolve 780 mg
sodium dihydrogen phosphate monohydrate (NaH,PO, x H,O) in
approximately 50 mL Milli-Q water and adjust to the desired pH
using either 0.1 M H;PO, or 1 M NaOH. Adjust the volume of
the solution to 100.0 mL with Milli-Q water. The buffer solution
is filtered through a 0.2 or 0.45 pm membrane filter and degassed
by sonication before use.

Stock solutions of the peptides at a concentration of 500 pg/mL
are prepared by dissolution of the peptides in Milli-Q water. In
some cases the addition of 0.2% phosphoric acid is required for
complete dissolution of the peptide. Before injection the stock
solution is diluted 1:10 with Milli-Q water. Mixtures of the pep-
tides are prepared accordingly.

3 Methods

3.1 Conditioning and
Rinsing Procedures
for the Fused Silica
Gapillary (See Note 6)

3.1.1  Preconditioning
of a New Capillary

Filter all rinsing solutions through a 0.20 or 0.45 pm polyester
membrane syringe filter. Rinse the new capillary at a pressure of
138 kPa (20 psi) subsequently with

1. 0.1 M phosphoric acid for 10 min.
2. 1 M sodium hydroxide for 20 min.
3. 0.1 M sodium hydroxide for 20 min.
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3.1.2 Conditioning
of the Capillary
Between Analyses

3.1.3 Rinsing
of the Capillary for Storage

3.2 CE Analysis

4. Milli-Q water for 10 min.
5. The appropriate background electrolyte for 10 min.

Rinse subsequently with filtered (0.2 or 0.45 pm) solutions at a
pressure of 138 kPa (20 psi) with

1. 0.1 M phosphoric acid for 2 min.

2. 0.1 M sodium hydroxide for 2 min.

3. Milli-Q water for 2 min.

4. The appropriate background electrolyte for 4 min.

Rinse capillary subsequently with filtered (0.2 or 0.45 pm) solu-
tions at a pressure of 138 kPa (20 p.s.i.) with

1. 0.1 M phosphoric acid for 10 min.
2. 0.1 M sodium hydroxide for 10 min.
3. Milli-Q water for 10 min.

For short-term (overnight) storage place capillary ends into
vials containing Milli-Q water. For long-term storage dry capillary
by purging with air at a pressure of 34.5 kPa (5 psi) for 5 min.

After the overnight storage of the capillary rinse it next day
with steps 1-3 as described in Subheading 3.1.3. Thereafter rinse
it at 138 kPa (20 psi) for 10 min with the appropriate background
electrolyte. After the long-term storage condition the capillary as
described in Subheading 3.1.1.

After conditioning of the capillary (see Note 6) select the appropri-
ate background electrolyte and fill into buffer vials (sec Note 7).
Set data sampling rate to 4 Hz and autozero time of the detector
to 1.0 min. Place samples in sample vials (see Note 8) and intro-
duce the sample solutions hydrodynamically at a pressure of 3.4
kPa (0.5 psi) for 3 s (see Notes 9 and 10) at the anodic end of the
capillary, carry out the detection at the cathodic end.

Capillary temperature: 20 °C.

Applied voltage: +25 kV (ramp time 0.17 min).

Detection wavelength: 215 nm (bandwidth 10 nm).
Detector reference wavelength 340 nm (bandwidth 50 nm).

Typical electropherograms of the separation of the model pep-
tides in the pH range 2.5-3.5 are shown in Fig. 1 (see Note 11).

4 Notes

1. Different CE instruments from the same supplier as well as
instruments from different companies may yield slightly differ-
ent results even when using identical experimental conditions.
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Thus, the experimental variables may require slight changes
when transferring a given analytical method from one instru-
ment to another. Therefore, fine-tuning of the parameters of a
published method may be necessary.

. Capillaries from different suppliers may lead to slightly different
separation efficiencies. Even capillaries from the same supplier
may vary to a certain extent. Thus, the purchase of larger quan-
tities of capillaries is recommended especially if a method is
intended for validated routine analysis in an industrial environ-
ment. One capillary should be used for only one application.

. When cutting a capillary, it is important that the cut is straight
and the ends are even. Uneven capillary ends will lead to peak
tailing due to uneven injection plugs. The capillary ends should
be checked under a magnitying glass or a microscope. Moreover,
it may be advisable to burn off a few millimeters of the poly-
imide coating at the capillary ends. This will reduce carryover
and give better precision. Burning off the coating is especially
important especially when using organic solvents as buffer addi-
tives such as acetonitrile that make the polyimide swell.
Removing the polyimide from the capillary ends is not advis-
able for coated capillaries as this will damage the inner coating.

. Preparation of buffers according to different procedures results
in buffers differing in ionic strength which may affect the sepa-
ration selectivity. For example, a 50 mM phosphate buffer, pH
2.5, may be prepared (1) by dissolving the appropriate amount
of 85% phosphoric acid in a certain amount of water and
adjusting to pH 2.5 by addition of sodium hydroxide solution
before making up the final volume by addition of water, (2) by
adjusting 50 mM phosphoric acid to pH 2.5 by addition of a
sodium hydroxide solution, and (3) by adjusting 50 mM
sodium dihydrogen phosphate (monobasic sodium phosphate,
NaH2PO4) to pH 2.5 by addition of diluted phosphoric acid.
In the first case the buffer concentration is 50 mM with respect
to phosphate; in case (2) the molarity of phosphate is below
50 mM; and in case (3) phosphate molarity is higher than
50 mM. The deviation from the desired molarity will depend
on the concentration of the sodium hydroxide solution and
phosphoric acid used for pH adjustment. Phosphate buffers at
higher pH (i.e., pH 6.2-8.2) may also be prepared by mixing
50 mM sodium dihydrogen phosphate (monobasic sodium
phosphate, NaH,PO,) and 50 mM disodium hydrogen phos-
phate (dibasic sodium phosphate, Na,HPO,) in appropriate
proportions to obtain the desired pH. Consequently, buffers
differing in the ionic strength are obtained by the various pro-
cedures. This affects the magnitude of the EOF, the electric
current, as well as Joule heating which, in turn, affect a given
separation. Too high Joule heating may be derived from an
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10.

11.

Ohm’s plot. In addition, when using different salts, e.g., the
potassium or lithium phosphate salts, or different bases, e.g.,
potassium hydroxide or lithium hydroxide, for the preparation,
the resulting buffers differ in the counterions which may also
affect a separation. Thus, careful characterization of the buffer
is required for reproducible results. In addition, buffers can
only be stored for a limited period of time even at low
temperatures.

. Due to the temperature dependence of dissociation equilibria,

bufter pH should be adjusted at the temperature that is used
during the electrophoretic run. Specifically, the change of the
pXK, per Kelvin (or degree Celsius) of organic zwitterionic but-
ters is significant. Ideally the buffer is prepared at the same
temperature as described in the analytical conditions.

. Conditioning of the capillary is important in order to obtain

reproducible conditions of the inner wall of the capillary.
Therefore, careful preconditioning of the capillary is required.
Moreover, it is necessary to include all rinsing steps into validation
procedures when developing CE procedures for quality control.

. Different vials containing the background electrolyte should

be used for rinsing of the capillary and for the analytical separa-
tion. Buffer levels should be the same in the analysis vials in
order to avoid a hydrodynamic flow due to differences in
hydrostatic pressure between the vials. Buffer should be
replaced after a number of injections (typically between two
and ten injections) because of buffer depletion.

. When using microvials, air bubbles at the bottom of the vial

should be avoided. During injection the outlet end of the cap-
illary should be placed in a vial with a constant solvent level
which is not the waste vial. A water (or buffer) plug may be
injected after sample injection to prevent sample loss by ther-
mal expansion when high voltage is switched on.

. When applying hydrodynamic injection, the actually injected

amount of the sample may vary depending on the temperature
or the viscosity of the solution. Thus, adjustment of the injec-
tion time and/or pressure may be required. In the present
example the samples were injected at ambient temperature.
Typical injection plug lengths in CE correspond to approx.
1-5% of capillary length.

After injecting the sample, the end of the capillary should be
dipped into a vial containing buffer solution or water in order
to reduce carryover of the sample into the background electro-
lyte vial used for the separation.

The separation between bradykinin (peptide 9) and angioten-
sin I (peptide 2) at pH 2.7 may not always be achieved depend-
ing on the commercial source and separation “history” of the
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capillary. If baseline resolution cannot be achieved with the
present capillary, a longer separation capillary or increased buf-
fer concentration may fix the problem. If the buffer pH is
raised to 2.8 comigration of Gly-Leu-Try (peptide 6) and
tetragastrin (peptide 7) is observed.
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Chapter 19

Microbial Analysis of Escherichia coli ATCC, Lactobacteria
and Saccharomyces cerevisiae Using Gapillary
Electrophoresis Approach

Pawel Pomastowski, Viorica Railean-Plugaru, and Bogustaw Buszewski

Abstract

Rapid detection and identification of microorganisms is a challenging and important aspect in many areas
of our life, beginning with medicine, ending with industry. Unfortunately, classical methods of microor-
ganisms identification are based on time-consuming and labor-intensive approaches. Screening techniques
require rapid and cheap grouping of bacterial isolates; however, modern bioanalytics demands comprehen-
sive bacterial studies on molecular level. The new approach to the rapid identification of bacteria is to use
the electromigration techniques, especially capillary zone electrophoresis (CZE). CZE is an important
technique used in the analysis of microorganisms. However, the analysis of microbial complexes using this
technology still encounters several problems—uncontrolled aggregation and//or adhesion to the capillary
surface. One way to resolve this issue is the CZE analysis of microbial cell with surface charge modification
by bivalent metal ions (e.g., Ca?*,j, Zn ). Under the above conditions, bacterial cells create compact
aggregates, and fewer high-intensity signals are observed in electropherograms. The chapter presents the
capillary electrophoresis of microbial aggregates approach with UV and one-dimensional intact cell matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (ICM MS) detection.

Key words Bacterial aggregation, Capillary electrophoresis, Matrix-assisted laser desorption/ioniza-
tion mass spectrometry, Intact cell analysis

1 Introduction

One of the fundamental stages of microbial analysis is the identifi-
cation of microorganisms. In modern medicine early detection of
pathogens provides an opportunity to determine the risk of neo-
plastic process in the infected organs, and to implement appropri-
ate preventive and screening actions, which would minimize the
risk of developing the disease. In the case of food (e.g., dairy) and
pharmaceutical industry, identification of microorganisms is an
essential step of a technological process, which determines the
quality of the manufactured product [1]. Furthermore, in medi-
cine—detection of a disease in an early stage of development would
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1.1 Historical
Aspects

allow to achieve better results of a treatment, in industry—
identification of pathogens in early stages of technological process
saves money, production time, and influences improvements in the
decision-making processes. Classical methods for identification of
microorganisms commonly used in routine microbiological labora-
tories are based on a set of tests and analyses of biochemical prop-
erties of microorganisms, as well as on methods utilizing
antigen—antibody reactions [2]. Recent years have brought increas-
ing interest in automation of identification methods based on a
study of biochemical characteristics of microorganisms, along with
improvement of serological methods, causing a significant increase
in the diversity of rapid identification tests. Nevertheless, waiting
for the result of identification is still long enough, and depending
on the method and the analytical system, it ranges from 4 to 8 h
for automated methods to about 24 h for semiautomatic ones.
Therefore, emphasis has been put on the search for new, precise,
and rapid methods of identification of microorganisms. One of
them is the use of capillary electrophoresis approaches for analysis
of bacterial and yeast cells [1, 2]. Available literature sources con-
firm the widespread interest of electromigration techniques in the
identification and separation of microorganisms (Table 1) [3-17].
Despite its popularity, the method has certain limitations, such as
the aggregation and/or adhesion of bacteria to capillary surface.

The charge on the surface, determined by the characteristic proper-
ties of functional groups of membranes and /or cell wall, affects the
behavior of the microorganisms (biocolloids) in the electric field.
This phenomenon determines its own electrophoretic mobility and
enables the separation of biocolloids. The first report using the elec-
tromigration techniques of microorganisms separation comes from
1987. Hjertén performing electrophoretic separation, the tobacco
mosaic virus and Lactobacillus cesei, observed their migration from
the electroosmotic flow. Applied analysis conditions did not allow for
effective separation of the examined microorganisms. In 1993, it was
performed electrophoretic separation of Escherichia coli. 1t was
observed, the bacteria formed aggregates, which resulted in unique-
ness analysis and bordering of the band [18]. In subsequent years, it
was determined the electrophoretic mobility of various microorgan-
isms (e.g., Saccharomyces cevevisine). It has been observed that with
increasing ionic strength occurs a narrowing of the band. Moreover,
it has been observed a relationship between a charge surface of micro-
organism and the surrounding environment. At the end of the nine-
ties of the twentieth century, Armstrong et al. introduced the
innovation resulting in an improved selectivity and resolution of elec-
trophoretic separation. The use of the additive poly(ethylene oxide)
(PEO, polyethylene glycol) in the buffer led to a reduction of the
electroosmotic flow (EOF), increased buffer viscosity, and likely to
reduce the electrostatic interaction between the capillary wall and the



Table 1
Capillary zone electrophoresis of Escherichia coli ATCC, Lactobacillus spp. and Saccharomyces spp.
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Separation
Detection conditions/technique
Nr. Microorganisms  method used Supporting electrolyte (BGE) Ref.
1. Escherichin coli uv 27 cmx 100 pm, TBE(4.5 mmol /L [3]
U=10 kV Tris/4.5 mmol /L
(CZE)* H;BO;/0.1 mmol/L EDTA);
pH 8.4; 0.00125% PEO
33.5 cmx75 pm, 5 mmol /L phosphate buffer Tris [4]
U=20 kV (pH 8.5)
(CZE)®
80 cm x50 pm, 10 mmol/L phosphate buffer [5]
U=10 kV (pH 7.0,7.8) with addition NaCl
(CZE) C=(0.019-0.227) mol /L
47 cmx75 pm, 25 mmol/L phosphate buffer [6]
U=15kV (pH 7.0); 25 pmol /L CaCl2;
(CZE)? 35 pmol /L myo-inositol
hexaphosphate
33.5 cmx75 pm, TBE(4.5 mmol/L [7]
U=-15kV Tris/4.5 mmol /L
(CZE)* H;B0O;/0.1 mmol/L EDTA);
pH 8.53;0.00125 % PEO
27 emx 100 pm, 20 mmol /LNaOH; 100 mmol/L [8]
U=(-)20 kV H;PO,; PB-PEG
(CIEE)*
33.5 cm x50 pm, TBE(4.5 mmol/L [9]
U=20 kV Tris/4.5 mmol /L
(CZE)* H;BO;/0.1 mmol/L EDTA);
pH 8.53; 5 mmol/LMES (pH
6.1); 0.00125% PEO
UV/LIF 27 cmx 100 pm TBE(4.5 mmol/L [10]
U=-15kV Tris/4.5 mmol /L
(CZE)® H;BO3/0.1 mmol/L EDTA);
pH 8.5;0.00125% PEO
30 cmx 100 pm, 1 mmol /L Tris [11]
U=-2 kV 0.33 mmol /L citric acid (pH
(CZE) 7.0); CTAB
35 cmx 100 pm, 60 mmol /L NaOH; [12]
U=(-)20 kV 100 mmol/L H;POy;
(CIEF) C,H;0H; PEG
LIF 32 cmx 100 pm, 20 mmol /LNaOH; [13]
U=(-)20kV 100 mmol/L H;POy;
(CIEE)* C,H;OH; PB-PEG

(continued)
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Table 1
(continued)
Separation
Detection conditions/technique
Nr. Microorganisms  method used Supporting electrolyte (BGE) Ref.
2. Saccharomyces uv U=20 kV 20 mmol /L NaOH; [3]
cerevisine (CZE)! 20 mmol/L H;PO,
80 cm x50 pm, 10 mmol/L phosphate buffer [5]
U=10 kV (pH 7.0,7.8) with addition NaCl
(CZE)? (/=0.019 mol/L -0.227 mol /L)
27 cmx 100 pm, 20 mmol/L NaOH; [8]
U=(-) 20 kV 100 mmol /L H,PO,; PB-PEG
(CIEFy:
3. Lactobacillus LIF 30 cmx 100 pm, TBE (4.5 mmol/L [14]
acidophilus; U=15kV Tris/4.5 mmol /L
Saccharomyces (CZE) H;BO;/0.1 mmol/L EDTA);
cerevisine pH 8.4; 0.00125% PEO
58 cmx 100 pm, TBE (0.5 mmol/L-9.0 mmol/L [15]
U=15kV Tris/(0.5-9.0) mmol /L
(CZE)* H;BO;/(0.011-0.2) mmol /L
EDTA);
pH 8.4; PAA; PAcA; PEO; PVP
4. Lactobacillus uv 56 cmx 100 pm, TBE (4.5 mmol/L [16]
delbrueckii U=20 kV Tris/4.5 mmol /L
(CZE)? H;BO;3/0.1 mmol/L EDTA);
pH 8.4;0.00125% PEO
5. Lactobacillus 47 cm x75 pm, 25 mmol/L phosphate buffer [6]
plantarum U=15kV (pH 7.0); 25 pmol /L CaCl2;
(CZE) 35 pmol /L myo-inositol
hexaphosphate
6. Lactobacillus LIF Microchip TBE (4.5 mmol/L [17]
delbruechii type D, type T Tris/4.5 mmol /L
Saccharomyces 110 cm x50 pm H;BO;/0.1 mmol/L EDTA);

cerevisiae

(CE)

pH 8.4;0.00125% PEO

Saccharomyces cerevisiae
*Quartz capillary
*Quartz capillary modified acrylamide

‘Quartz capillary modified DVB, trimethylchlorosilane

4Quartz capillary modified methylcellulose

microorganisms [18]. PEO contributes to the aggregation of bacte-
rial cells. EOF was decreased, but reproducible analyses were not
achieved, probably due to the system instability. Casual interactions
between PEO and bacterial cells, and the inner surface of the capil-
lary (different film thickness) further deepened the system instability.
The use of charge-coupled devices (CCD) and fluorescence micro-
scope to observe the electrophoretic migration of microorganisms in
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the capillary greatly expanded knowledge about the phenomenon of
aggregation (adhesion). It was noted that with the increase of cluster
size, increasing the speed of aggregation and the size of the forming
unit depends on the difference in zeta potential (¢). It was also shown
that increasing the ionic strength of the bufter increases the rate of
formation of aggregates. Further ways of improving selectivity and
resolution electrophoretic analysis of microorganisms was the intro-
duction of modifications to the inner surface of the capillary (e.g.,
acrylamide). The introduction of these modifications results in
increased hydrophobicity of the surface and the probable occurrence
of micro-organism interactions—ligand (such as n—x) contributing to
the improvement of selectivity.

Another solution for improving the selectivity of the electro-
phoretic separation was carried out by the modification of the inner
surface of the capillary by cationic surfactants and carry out the
separation of bacteria with reversed electroosmotic flow. Oukacine
et al. [19] performed electrophoretic analysis of bacterial cells
using the mechanism of transient isotachophoresis (ITP).
According to the investigators, this method has a high selectivity
and reproducibility. Furthermore, it was demonstrated that with
increasing numbers of microbial cells, there is a linear relationship
as to the height of peaks on the electropherogram. It was proposed
an innovative solution for the separation of microorganisms by
introducing a negatively ionized polymer—antibody system. These
complexes interact selectively with the cell resulting in improved
separation selectivity. At present another aspect of the upgrades is
miniaturization. It is getting more popular because of the unique
benefits, i.e., a short time and low cost. Optimizing connection-
on-chip electrophoresis for separation of microorganisms gives a
new look for the identification of pathogenic cells in physiological
fluids for the early detection of the disease [20]. Buszewski et al.
[21] carried out optimization of electrophoretic conditions for
separation of microorganisms in biological matrices (e.g., urine).
These studies have shown that capillary zone electrophoresis, can
become widely used, as sensitive tool in medical diagnostics.

An interesting proposal was presented by Horka et al. [22, 23]
using electromigration technique in the identification, character-
ization, and quantification, e.g., Lactobacteria isolated from cow’s
milk. It has been shown the combination of capillary isoelectric
focusing (CIEF) with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS). On the
other hand, Buszewski et al. [24] have been shown that cell of
bacteria can be rapidly analyzed by CE with modified bivalent
metal ions. The modification of surface bacterial groups with cal-
cium ions decreased the number of undesired signals in the elec-
tropherograms and increased the reproducibly of analysis.
Moreover, it resulted in the creation of controlled aggregates and
signal amplification. Therefore, it was possible to collect focused
cell aggregates and to detect their MALDI spectra.
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1.2 Outline
of Method

Every bacterial species has a complex and characteristic composi-
tion of the cell wall. Macromolecules that are present in the cell
wall and bacterial membranes, including proteins, phospholipids,
teichoic acid, teichuronic acid, and lipopolysaccharides, produce
unique biochemical fingerprints. Those macromolecules also con-
tribute to the surface charge of bacterial cells through the ioniza-
tion of proton active functional groups, such as carboxyl, phosphate,
amino, and hydroxyl groups, and the adsorption of ions from the
solution. On the other hand, the presence of electric charge and
consequently electrical double layer at the interface solution/capil-
lary wall is a cause of EOF. During the electrophoretic analysis of
microorganisms, it was observed unfavorable effect of adhesion
[20-24]. In some cases, adverse phenomenon of adhesion is elimi-
nated by coating of capillary (e.g., polyacrylamide). Then, the elec-
troosmotic flow is eliminated and the migration of cells based on
their electrophoretic mobility. However, research studies have
demonstrated that the discussed mostly macromolecules play a sig-
nificant role in bacterial aggregation and adhesion to solid and
contribute to microbial differentiation [24].

Buszewski et al. [24] demonstrate that microbial analysis per-
formed by Fourier transform infrared (FTIR), X-ray photoelectron
(XPS), and nuclear magnetic resonance (NMR) spectroscopy yields
valuable information and indicate relationship between surface
heterogeneity of microorganism and its electrophoretic mobility.
Furthermore, it has been demonstrated their complementary to
other biochemical and physical cell surface methods, such as zeta
potential and potentiometric titration [24].

Bacterial adhesion was first explained by the DLVO (Derjaguin,
Landau, Verwey, Overbeek) theory. Bacterial adhesions mediated
by interplay between Lifshitz—van der Waals forces and electro-
static interactions originating from the overlap of electrical double
layers and the solid surface. This theory has been extended to acid-
base interactions [25]. Another problem is the detection of
microbes in CE mode. Common UV and DAD system do not
allow for obtaining specific spectra that would enable a satisfactory
identification of separated bacterial cells. The obtained spectra do
not provide sufficient information about the aggregation of micro-
organisms. Moreover, the conventional linear buffer system (e.g.,
phosphoric buffers) is not eftective in this case.

The problem of uncontrolled aggregation was resolved due to
the modification of the bacterial surface by bivalent metal ions
(Fig. 1). Modified surface charge of microbial cells facilitates cell
aggregation and improves the selectivity of electrophoretic analy-
sis. According to DLVO theory, attractive electrostatic forces have
to dominate repulsive forces for bacterial cells to aggregate [25].
Deprotonated functional groups on the surface of bacterial cells
support the formation of cationic bridges. Calcium ions bound to
the surface of cells improve their hydrophobicity, and they evoke
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Fig. 1 Capillary electrophoresis of microbial aggregation

the participation of attractive acid—base forces. Calcium ions facili-
tate overcoming of the electrostatic energy barrier between cells,
which in turn facilitates cell aggregation. Extracellular structures,
including fimbriae, which bind metal ions at terminal sites, also
overcome repulsive force. Furthermore, modification of bacteria
with calcium ions determines the change in their electrophoretic
mobility and reduces repulsive forces. This results in the creation
of controlled aggregates and signal amplification [26]. The use of
buffers with different ions mobility allows on creation of focusing
zones. Therefore, it was possible to collect focused cell aggregates
and carried out precise one-dimensional intact cell MALDI TOF
(ICM) detection. Spectrometric analysis of a sample with this
method provides comprehensive information within a couple of
minutes. In addition, one of the advantages of IC MS method is
the fact that only single colony is needed for microbiological analy-
sis. This procedure is based on analysis of the unique protein pro-
file of a microorganism, known as molecular fingerprint (MF) and
comparison of characteristic peak patterns and markers peaks with
references spectra [27].
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2 Materials and Equipment

2.1 Microbial Gulture

2.2 Electrophoretic
Analysis of Microbial
Aggregates

2.3 Spectrometric
Analysis of Bacteria

The strains of Escherichia coli ATCC 25922, ATCC 10536, ATCC
10536 Lactococcus lactis subsp. lactis ATCC 11454 and ATCC
19435, Lactobacillus casei ATCC 334 and ATCC 393, Lactobacillus
acidophilus ATCC 314, Lactobacillus paracasei ATCC BAA-52,
Saccharomyces cerevisine ATCC 18824 were obtained from Pol-
Aura (Dywity, Poland).

Agar plates (Pol-Aura, Dywity, Poland) for growth of
Escherichin coli ATCC were Tryptone Soya Agar (TSA), Mueller
Hinton (MH2). Tryptic Soy Broth (TSB, Difco) was used for cul-
tivation of E. coli. Lactobacteria were cultivated on Schaedler Broth
(SB), Schaedler agar (SCHE) with 5% sheep blood (bioMérieux,
Warsaw, Poland) and Milk agar (MA) with 10% (v/v) lactose (Pol-
Aura, Dywity, Poland). The yeast was cultivated on YPD agar
plates (Sigma Aldrich, Steinheim, Germany) (se¢ Note 1).

Hydrochloric acid, sodium hydroxide solution, potassium chlo-
ride, TRIS (tris(hydroxymethyl)aminomethane), boric acid (B),
and calcium nitrate were purchased from Sigma Aldrich (Steinheim,
Germany). Ultra-pure water from a Milli-Q water system
(Millipore, Bedford, MS, USA) was used throughout the work.
Capillary electrophoresis (CE) experiments were performed with
an HP3DCE system (Agilent Technologies, Waldbronn, Germany)
equipped with DAD and fused silica capillaries (id=75 pm, 100 pm;
L=33.5 cm; Lg=25 cm). Isopropanol was used for the cleaning
the detection window.

Fused silica capillaries (id=75 pm, 100 pm) were purchased
from Polymicro Technologies (Phoenix, AZ, USA).

For coating procedure were used y-methacryloxypropyltrimet
hoxysilane (y-MAPS), toluene, acrylamide, ammonium persulfate,
TEMED (N,N,N',N'-tetramethylethylenediamine). All of them
were purchased from Sigma Aldrich (Steinheim, Germany).

All chemicals (acetonitrile (ACN), methanol, trifluoroacetic acid
(TFA)) for MALDI-MS analyses were supplied at the highest com-
mercially available purity from Fluka Feinchemikalien GmbH (part of
Sigma Aldrich, Steinheim, Germany). Ground steel targets (Bruker
Daltonik, Bremen, Germany) were used for sample deposition.
a-cyano-4-hydroxycinnamic acid (HCCA) and 2,5-dihydroxybenzoic
acid (DHB) were employed as matrices for MALDI analysis of intact
bacterial cells (dried droplet method). Bruker Bacterial Test Standard
(BTS) were used for external calibration.

Intact cell mass spectrometric analysis conducted with the use
of mass spectrometer, e.g., ultrafleXtreme MALDI-TOF/TOF
(Bruker Daltonik, Bremen, Germany) equipped with a modified
Nd:YAG laser (smartbeam II™) operating at the wavelength of
355 nm and the frequency of 2 kHz.
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3 Methods

3.1 Preparation of
Microbial Suspension

3.1.1  Microbial Culture

3.1.2 Sample
Preparation for CZE
Analysis

3.2 Electrophoretic
Analysis of Microbial
Aggregates [24]

3.2.1 Uncoated Mode

. Bacterial cells of E. coli culture on TSA, MH2 agar plate,

Lactobacteria on MA with 10% (v/v) of lactose and SCHE
agar. Yeast culture on YPD agar. Incubate them in aerobic con-
dition for 24 h at 37 °C. In the case of liquid media culture,
microbial cells in 3 mL of TSB or SB with 0.5% yeast extract
for 24 h at 37 °C. Then, bacterial cultures in the amount of
3 mL transfer to flask with 1 L of the same liquid medium and
grown in a shaking incubator for another 24 h at 37 °C.

. In the case of liquid cultivation, bacterial cells separate from the

medium by centrifugation (14,000 rpm, 10 min). The pellet
with bacterial cells rinse twice with 0.09% (m/v) KCl, to
remove the growth medium from bacterial surfaces [26]. In the
case of agar plate cultivation, transfer microbial colony to sterile
Eppendorf tube (1.5 mL), add 1 mL of 0.09% (m/v) KCl, vor-
tex (2 min) and centrifuge (14,000 rpm, 10 min) (se¢ Note 2).

. Obtained microbial pellets rinse with deionized water twice

(1 mL), vortex (1 min) and centrifuge (14,000 rpm, 10 min)
and finally, remove supernatant (see Note 3). Then, add 1 mL
of 0.005 M Ca(NO;), solution in order to modify the surface
charges, vortex mixture 10 min at room temperature.

. After 1 h the pellet with bacterial cells wash again to remove

free Ca?*,, ions, with deionized water twice (1 mL), vortex
(1 min) and centrifuge (14,000 rpm,10 min) and finally,
remove supernatant.

. Final pellet of washed bacteria and yeast suspend in 0.5 mL of

TB buffer (5 mM TRIS (T), 50 mM boric acid (B); pH 8.20-
8.60), vortex (2 min) (see Note 3).

. New, uncoated capillaries rinse hydrodynamic, before use with

1.0 M NaOH (5 min), 0.1 M HCI (2 min), deionized water
(3 min), and BGE (background electrophoretic buffer, outlet
butfter) for 2 min.

. The electrophoretic analysis perform in a nonlinear system,

namely: outlet buffer: TB (Crrs=5 mM, Cy=50 mM, pH
8.20-8.60), inlet bufter: TB-HCI (Crris=5 mM, Cz=50 mM,
Cua=4.4 mM, pH 7.10-7.30), I,,=100 pA, U=15 kV,
t=23 °C, 1=214 nm, and injection in the pressure mode at
50 mbar for 25 s. Between runs, the capillaries wash hydrody-
namic with 0.1 M NaOH, deionized water—for 2 min each,
and a BGE for 4 min (sec Note 4).

. A total volume of 0.5 mL stock bacterial (and yeast) suspen-

sion is used for electrophoretic measurements (see Note 2).
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3.2.2 Noncross Linked
Polyacrylamide Coating
(See Note 6) [27]

3.3 MALDI TOF MS
Analysis of Micro
organism

3.3.1 Sample
Preparation

4.

1.

The focused fractions of bacterial aggregates collect manually
in CE-MS (L,,=80 cm, L.+=26 cm) mode to sterile Eppendorf
tube, centrifuge (4 °C, 14,000 rpm, 5 min) and remove super-
natant. Then, pellet of microbial cell resuspend in 50 pL of
deionized water and transferred to a MALDI target according
to the below-mentioned procedure (see Note 5, see
Subheading 3.3).

Firstly, a 3 mm detection window form on the capillary by
burning off the polyimide coating, approximately 8 cm from
one end of the capillary (see Note 7). Wipe detection window
by isopropanol. Then in the pretreatment step the capillary
wash with methanol for 3 min, 1 M NaOH for 3 min, 1 M
HCI for 3 min and finally deionized water for 5 min, dried by
flushing with N, for 20 min in order to obtain a fresh and clean
inner capillary surface structure and thus the reproducibility of
the coating and consequently of the runs (se¢ Note 8).

. The capillary fill with a 50% solution of y-MAPS in toluene,

left for 24 h (while both ends of the capillaries were immersed
in the same solution) and then rinse with toluene for 30 s.

. The polymerization carry out with 150 pL of deaerated acryl-

amide (4%, m/v) (remove oxygen) containing 3 pL of ammo-
nium persulfate (10%, m/v) as the initiator and 3 pL of
TEMED as the catalyzer. After 90 min, the excess of (not
attached) polyacrylamide was removed simply by rinsing with
deionized water delivered by an HPLC pump.

. New coated capillaries, rinse before use with deionized water

(3 min), and BGE (background electrophoretic buffer, outlet
buffer) for 2 min. The next steps are performed analogously to
the above-mentioned procedure (Subheading 3.2.1).

. References strain. Microbial samples (one colony) transfer

from agar plate (or on loop of microbial pellets from liquid
culture) to a 50 pL solvent mixture EtOH/ACN/H,0/TFA,
1:1:1:0.001 (v/v/v/v), that ODygy of the final bacterial sus-
pension ranged between 0.04 and 0.6 (10°-10'2 cells per mL).
In order to evaluate how this change affects the amount of
cells per spot, the bacterial suspension dilute with the solvent
mixture at 1:1, 1:10, 1:100, 1:1000, and 1:10 000.

. Microbial cells after electrophoretic analysis. Obtained micro-

bial pellets resuspend in 10 pL solvent mixture EtOH/ACN/
H,0/TFA, 1:1:1:0.001 (v/v/v/v), and follow the earlier pro-
cedure (see Subheading 3.3.1, step 1). Then, 3 pL of microbial
suspension transfer to sterile Eppendorf tube and add already
made matrix solution: DHB (50 mg/mL), HCCA (10 mg/
mL) in 1:1 ratio (see Note 9). Mix carefully using pipette and
spot 1 pL. of mixture onto MALDI target and left to dry at
room temperature.
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3.3.2  Intact Cell MALDI 1. ICM MS spectra of record in linear positive mode within /2
TOF MS Analysis range of 3000-30,000 and applying the acceleration voltage of
of Bacteria and Yeast 25 kV. Turn on the suppression mode at 2900 Da (see Note 10)

2. All mass spectra were acquired and processed with the dedi-
cated software: e.g., flexControl and flexAnalysis, respectively
(both from Bruker). For identification of microbial strains, it is
possible to use the dedicated software or perform home-made
analysis (se¢ Note 11).

3. In case of home-made analysis, first record the ICM spectra of
references species and next spectra of microorganisms cell after
CE analysis. For identification use markers peaks and /or match
molecular fingerprint of references spectra with analyzed sam-
ple spectra (Fig. 2)
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Fig. 2 Connection of CE-DAD with MALDI/TOF/MS detection in analysis of microbial aggregation (a)
Electrophorogram of L. lactis, A=214 nm; (b) UV spectra of L. /actis; (c) Spotting of MALDI target; (d) Intact cell
MALDI/TOF spectra of reference bacteria (D1) and (D2) its spectra obtained after CE analysis (dashed line—
peak marker; dotted line—unspecified peak, e.g., ribosomal protein)
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4 Notes

1. The cultivation of bacterial strains on agar plates was carried out

on disposable, sterile Petri dishes (with appropriate media cul-
ture) using disposable loops. In a case of media culture steriliza-
tion and preparation for Lactobacteria, solution of lactose
sterilizes using the 0.1 pm filter (e.g., Millipore). After the inocu-
lation procedure the plates were placed medium up in an incuba-
tor with convection (10-30%) (see Subheading 3.1.1). Cultivate
the S. cerevisine on YPD solid medium for the propagation of
yeast, prepare immediately before inoculation procedure.

. Use the sterile loop. ODgyy of the final bacterial suspension

ranged between 0.04 and 0.6 (10°-10'* cells per mL). The
spectrophotometric measurements were carried out by one-

drop method wusing NanoDrop (Thermo Scientific,
Wilmington, USA).

. After vortex, sonicate optionally cells of yeast for 3 min. In the

case of bacteria, 1 min of sonication on ultrabath (in middle
range, e.g., =25 °C, 35 kHz) immediately before electropho-
retic measurement. Performing this procedure prevents cells
agglomeration, but unfortunately too long sonication can
result in lysis of cells.

. Analyze the bacteria cells (E. coli ATCC, Lactobacteria) in

75 pm (ID), analyze the cells of yeast in 100 pm capillary.

. First, microbial cells analyzed in CE mode. When the system

will be stable (focused zone, sharpening of the peaks, straight
baseline) the runs will be reproducible (e.g., RSD <2 %, n=10),
then change the mode to CE-MS and collect the fractions.

. This method is based on a bifunctional compound in which

one group reacted specifically with the glass wall and the other
with a monomer taking part in a polymerization process.
y-MAPS (y-methacryloxypropyltrimethoxysilane) was used as
bifunctional compound and acrylamide as monomer. The
methoxy groups in y-MAPS react with silanol groups in the
capillary, whereas the acryl groups with the acryl monomers to
form non-cross-linked polyacrylamide. Noncovalently attached
polymer was then removed and thin, well-defined monomo-
lecular layer of polyacrylamide remained covalently bound to
the fused silica wall.

. For total length of the capillary 33.5 cm. The formation of

window procedure can be omitted at this stage. Performing
the next steps with already make detection window is difficult
(huge possibility breaking the capillary). Therefore, it is reco-
mended to make the detection window on the capillary at the
end of coating procedure, before electrophoretic measure-
ment using the scalpel.



10.

11.
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. Technically, when washing the capillary one end was immersed

in the washing solution and the order end connected to vacuum
simply by pressing together the vacuum tube around capillary.

. Prepare matrix solution immediately before spectrometric analy-

sis. For suspension use solvent mixture (EtOH/ACN/H,0/
TEA, 1:1:1:0.001 (v/v/v/v) for appropriate concentration:
DHB (50 mg/mL), HCCA (10 mg/mL). Then, sonicate
(room temperature—RT, 5 min) and centrifuge (RT, 14,000 rpm,
3 min) the obtained mixture of matrix vortex (2 min).

Check the optimal value of laser power before recording the
spectra. The optimal value is dependent on the attenuation,
power, and type of laser. In the case of ultrafleXtreme MALDI-
TOEFE/TOF check optimal smartbeam parameter and select the
best of them. In our experiment, global attenuator offset was
25 %, attenuator range 40 %, and laser power 85 %.

Commercial systems are mainly used in routine identification
of microorganism, namely: BioTyper, SARAMIS, VITEK MS
and Andromas, provided by Bruker, Shimadzu, bioMérieux
and Andromas SAS, respectively. Homemade database (reposi-
tory) can be developed and applied to targeted identification
of microorganisms and as a complementary method to classical
molecular or biochemical techniques. Moreover, a local reposi-
tory of reference bacterial strains can also be used for statistic
evaluation of one-dimensional ICM MS spectra (using, e.g.,
Statistica, StatSoft) or in a detection approach for separation
analysis of microorganisms.
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Chapter 20

Capillary Electrophoretic Analysis of Classical Organic
Pollutants

Ashok Kumar Malik, Jatinder Singh Aulakh, and Varinder Kaur

Abstract

The synthesis and usage of a wide range of organic compounds have shown a considerable increase in the
past few decades. Many of these compounds are potential pollutants for the environment. They differ from
cach other in their chemical structure and properties. Correspondingly different separation strategies are
required for their separation. There is need to assess the human exposure to these chemicals and to identify
and develop analytical methods for their identification. In this chapter we have presented some methods for
the separation and the analysis of the organic pollutants like dyes, phenolic pollutants, phthalates, endocrine
disrupting chemicals, polycyclic aromatic hydrocarbon, explosives, agricultural pesticides, and toxins.

Key words Capillary electrophoresis, UV detection, Environmental organic pollutants, Phenoxy
acids, Dithiocarbamates, Paraquat and diquat, Polycyclic aromatic hydrocarbons, Endocrine disrup-
tors, Toxins, Explosives, Phthalates, Phenolic pollutants, Dyes

1 Introduction

Synthetic organic compounds have been used in a wide range of
agricultural, domestic, and industrial commodities; many of these
are potential pollutants and result in vigorous deterioration of
environment and human health [1-3]. Analytical studies have
confirmed the presence of these pollutants in various environmen-
tal and biological matrices. As the pollutant range is continuously
becoming more and more complex, their monitoring is coming
up as a major challenge faced by environmental analytical chem-
ists. Many of these compounds can enter the environment via sur-
face and groundwater [4]. To prevent pollution, analytical
chemists need to develop such systems, which can give fast and
reliable information on the identity and quantity of suspected pol-
lutants. Capillary electrophoresis (CE) has an unrealized potential
for analytes of environmental concern, particularly those that are
more polar and ionic.

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
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Several research articles have cited the importance of capillary
electrophoresis as an analytical tool for the qualitative and quanti-
tative analysis of organic pollutants [4] like polycyclic aromatic
hydrocarbons [1, 5-8], parabens [9], azarenes [10], agrochemical
[11-17], endocrine disrupting agents [18], warfare agents [19,
20], phenolic pollutants [21, 22], phthalates [23], and dyes [24,
25] in environmental and biological matrices. Sovocool et al. [26]
have reviewed analysis of various organic and inorganic pollutants
using CE. Various aspects for the analysis of agrochemicals (pesti-
cides) are reviewed by Malik et al. [16] and Kettrup et al. [11].

UV-Vis detection is the most widely used detection method in
commercial capillary electrophoresis (CE) instruments [27] (see
Note 1). The majority of the work [28] with UV-Vis detection is
focused on the methods that improve the analysis precision, detec-
tion limits, and system miniaturization. Such methods include the
use of capillaries with widened inner diameter at the position of
detection and compact light sources such as light-emitting diodes
(LEDs). In normal detection systems, the maximum optical path
length corresponds to the inner diameter of the separation capil-
lary (usually in the range of 30-100 pm), which limits optical
detector sensitivity due to small detection volume.

Photodiode array detector has also been used for the detection
and separation of explosives [29]. The use of LEDs as light source
relies on the formation of a colored derivative between analytes and
additives, which shifts the monitoring wavelength towards red (e.g.,
>500 nm). LED’s light source is particularly attractive in UV-Vis
detection due to its excellent output stability, low power require-
ments, and low cost. Most importantly, LED could be easily imple-
mented into an electrophoresis microchip owing to its small size.

Generally, the main steps [30] involved in the environmental
analysis are (1) sampling and sample preparation (2) cleanup and/
or extraction, (3) preconcentration, and (4) final separation with
qualitative and quantitative determination. Since the analytes can
be contained in a wide variety of matrices (i.e., aqueous samples
including water from rain, tap, river, marine ground and industrial
wastes, solid samples including soils and sediments, and other type
of solid waste; and air samples). Zhou et al. have developed
N-doped TiO, nanotube-based solid-phase extraction cartridge for
the preconcentration of paraquat and diquat prior to capillary elec-
trophoresis [31]. Sagrado et al. have reviewed applications of
cyclodextrins in capillary electrophoresis [32]. Xie et al. have devel-
oped method for the separation and preconcentration of persistent
organic pollutants by cloud point extraction [33].

This chapter exemplifies some methods taken from literature
tor the separation and analysis of the organic pollutants like phthal-
ates, dyes, polycyclic aromatic hydrocarbon, phenoxy acids,
dithiocarbamates, paraquat and diquat, endocrine disruptors, tox-
ins, phenolic pollutants, and explosives using UV detection.
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2 Materials and Equipment

2.1 Analysis of the
Derivatives and
Isomers of Benzoate
and Phthalate

2.2 Analysis
of Sudan Dyes in Chilli
Powder

Phthalates or phthalate esters are esters of phthalic acid and are
mainly used as plasticizers (substances added to plastics to increase
their flexibility, transparency, durability, and longevity). They are
used primarily to soften polyvinyl chloride (PVC). Method for their
separation as described by Chien-Hao et al. [23] is given below.

1. Analytes: Monomethyl terephthalate, isophthalic acid
(m-phthalic acid), o-phthalic acid, terephthalic acid (p-phthalic
acid, TPA), 4-carboxybenzaldehyde, p-toluic acid, benzoic
acid, salicylic acid, aspirin (acetylsalicylic acid), p-hydroxyben-
zoic acid, 2-carboxybenzaldehyde, p-acetamidobenzoic acid.
Mesityl oxide is added to the samples as a neutral marker for
the electrophoretic mobility determination.

2. Sample: Prepare a mixture of 10 mM standard solution of each
of these analytes. Dilute to final concentration of 0.1 mM for
each analyte prior to injection.

3. CE instrument and capillary: Automated PrinCE-C455 sys-
tem (Prince Technologies, Emmen, The Netherlands),
equipped with a Varian ProStar 340 UV-Vis detector (Palo
Alto, CA, USA). The data is collected and processed by a DaX
data system (Prince Technologies). The separation capillaries
(bare fused silica), 68 cm (61 cm to the detector), 75 pm 1.D.,
365 pm O.D.

4. Background electrolyte: (a) Adjust the pH of 10 mM phosphate
buffer to 7.0 using 1 M or 0.1 M NaOH. (b) 10 mM Phosphate
buffer with 4 mM a-CD, 8 mM B-CD, and 4% poly(ethylene
glycol) PEG 600, pH of the buffer adjusted to 11.0 using NaOH.

Azo dyes are important organic colorant and are used for many
industrial applications. The main reason for their widespread usage
is their color fastness and low price. These dyes are biologically
active through their metabolites. Due to their potential carcinoge-
nicity it has been banned for human consumption in many coun-
tries. Method for the separation of Sudan dyes as described by
Garcia et al. [24] is given below (structures are given in Fig. 1).

1. Analytes: Sudan 1 (1-(phenylazo)-2-naphthalenol), Sudan II
(1-[(2,4-dimethylphenyl)azo]-2-naphthalenol), Sudan III
(1-(4-phenylazophenylazo)-2-naphthalenol), and Sudan IV
(o-tolylazo-otolylazo-betanaphthalenol).

2. Stock solution: Prepare a stock solution of Sudan (I, II=0.5 mg/
mL; III, IV=1.0 mg/mL) in acetone and store at room
temperature.

3. Sample preparation: Take 50 mg of chilli powder in 1 mL ace-
tone in a centrifuge tube to perform extraction. Vortex the sam-
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2.3 Analysis
of Phenoxy Acids
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Fig. 1 Molecular structures of the selected Sudan dyes

ple for 2 min and centrifuge for 5 min at 13,500 rpm to precipitate
the solids. Dilute the supernatant ten times with the BGE and
analyze as described. Spike the samples by adding 50 pL of a
stock Sudan solution (I, II=0.5 mg/mL; III, IV=1.0 mg/mL)
to a dry powder sample before performing the extraction.

4. CE instrument and capillary. Use Beckman-Coulter P/ACE
MDQ (Fullerton, CA) capillary electrophoresis system (AZ).
Adjust the anode and cathode positioned at the inlet and out-
let ends of the capillary, respectively. Use Karat 32 software
(Beckman-Coulter, Fullerton, CA) for data acquisition. Use
polyimide-coated capillaries (50 pm ID,- 375 pm OD,-57 cm
long; Polymicro Technologies, Phoenix).

5. CE buffer: 5 mM borate (pH 9.3), 20 mM SDS, and 20%
acetonitrile.

Phenoxy acids are important class of pesticides, which have a high
toxicity even at low concentration. Various methods are available
for the analysis of phenoxy acids [12] and their enantiomers [12].
Here we have presented a simple method for the analysis of the
phenoxy acids.

1. Analyte: (a) 2-(2,4,5-trichlorophenoxy)propionic acid (feno-
prop), (b) 2-(4-chloro-2-methyl-phenoxy)propionic acid
(Mecoprop), (c) 2-(2,4-dichlorophenoxy)propionic acid
(dichloroprop), (d) 4-(4-Chloro-2-methylphenoxy)butanoic
acid (MCPB), (e) (4-Chloro-2-methylphenoxy)acetic acid
(MCPA). Structure of phenoxy acids is shown in Fig. 2.

2. Stock solution: Dissolve 40 mg of each analyte in 100 mL of
pesticide-grade methanol and dilute 1:100 to prepare 4 pg/
mL of each analyte.

3. CE instrument and capillary. Beckman P/ACE 2100 series
HPCE with Beckman system Gold chromatography software.
The fused silica CE column [65 c¢cm (50 ¢cm to the detec-



2.4 Analysis of the
Dithiocarbamate
Pesticides [13, 14]
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Fig. 2 Structures of phenoxy acids (a) 2-(2,4,5-trichlorophenoxy)propionic acid
(fenoprop), (b) 2-(4-chloro-2-methyl-phenoxy)propionicacid (Mecoprop), (c)
2-(2,4-dichlorophenoxy)propionic acid (dichloroprop), (d) 4-(4-Chloro-2- methyl-
phenoxy)butanoic acid (MCPB), (e) (4-Chloro-2-methylphenoxy)acetic acid
(MCPA)

tor)x 300 pm O.D.x75 pm 1.D.] fitted in a 100x200 pm
aperture cartridge.

4. CE buffer: 25 mM Acetate buffer (0.05 M glacial acetic acid
and 0.05 M sodium acetate (1:1, v/v)) of pH 4.45.

Dithiocarbamates are an important class of compounds which find
application in the rubber industry as vulcanization accelerators and
in agriculture as fungicides. Here, a method for the analysis of
these compounds is described which is applicable for their analysis
in grains and in commercial samples.

1. Analytes: Maneb, metham, sodium diethyldithiocarbamate tri-
hydrate, and potassium o-ethylxanthate.

2. Stock solutions: Prepare 200 mg/L solution of each pesticide by
dissolving 20 mg each of metham, sodium diethyl dithiocarba-
mate trihydrate, and potassium o-ethylxanthate in doubly distilled
water and dilute to 100 mL in a calibrated flask. Prepare stock
solution of maneb by dissolving maneb in 0.1 M NaOH and
dilute further with distilled water. Prepare working solutions of
lower concentrations by appropriate dilutions with water.

3. Sample: Grains and commercial samples “Dithane M 45.”

(a) Extraction from grains: Weigh about 10 g of grain sample
accurately and spray with 5 mL of aqueous dispersions of
maneb containing different amounts of 0.1% solution.
Dry the samples in the sun for 1 h and thereafter in the
shade for 24 h to remove excess moisture. Prepare a blank
assay by spraying the same amount of grain with 5 mL of
water. Treat the grounded samples with 50 mL of 0.1 M
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2.5 Analysis
of Paraquat
and Diquat [15, 16]

NaOH for 10 min and centrifuge at 2000 rpm for 5 min.
Filter the aliquots of the resulting solutions through 45 pm
filter and analyze by the general procedure.

(b) Commercial sample: Apply the method to the determina-
tion of maneb in a commercial sample of “Dithane M 45.”
Dissolve it in 0.1 M NaOH and further dilute with dis-
tilled water.

4. CE instrument and capillary. CE system equipped with TSP

1000, software for data acquisition. Fused silica capillaries
(100 pm i.d. 75 cm long and 45 c¢m to the detector).

5. CE buffer: 20 mM Sodium tetraborate bufter solution of pH 9.0.

Paraquat and diquat belong to quaternary class of herbicides.
These are quick-acting herbicides that are absorbed by the plants
and translocated, which results in desiccation of the foliage. These
are strongly adsorbed by the soil and thus get deactivated at a fast
rate. A representative method for the analysis of paraquat and
diquat is given below:

1.

Analytes: Paraquat and diquat (structures of paraquat and
diquat are shown in Fig. 3). 2-Amino pyridine can be used as
the internal standard and phenol as the tracer to measure the
electroosmotic flow.

. Stock solution: Use doubly distilled water for the preparation of

solutions of paraquat and diquat. Dilute paraquat and diquat
solutions in running electrolyte 0.1 M sodium phosphate
(pH 3.5). Filter the solutions with 0.2 pm filter to avoid cap-

illary plugging.

. Sample: Wastewater sample.

. Sample preparation: Filter the water sample through a 0.2 pm

filter.

. CE instrument and capillary.: The CE system consists of

30 kV DC power supply of positive polarity and system
equipped with an UV absorbance detector. Fused silica capil-
laries (50 pm I.D. 80 cm long and 50 c¢m to the detector).

6. CE buffer: 0.10 M Sodium phosphate, pH 3.5.

N W
N7 \ 7/
©
2Cl
Paraquat

Fig. 3 Structures of paraquat and diquat
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of Endocrine
Disruptors [18]
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Nowadays, various chemicals are found to have endocrine disrupt-
ing effects. For the assessment of human exposure to these chemi-
cals analytical methods for their identification are required. In this
section a method developed by Regan et al. [ 18] as a representative
of endocrine disruptors is described.

1. Analytes: (a) Pentachlorophenol (PCP); (b) trichlorophenol
(TCP); (c) 17p-estradiol; (d) dichlorophenol (DCP); (e)
estrone; (f) estriol; (g) diethylstilbestrol (DES); (h) ethyny-
loestradiol (EO); (1) lindane; (j) dieldrin; (k) octylphenol (OP);
(1) nonylphenol (NP); (m) bisphenol-A (BPA). Structure of
endocrine disruptors is shown in Fig. 4.

2. Stock solutions: Prepare the stock solutions endocrine disrupt-
ing compounds (EDCs) in 100 % acetonitrile (ACN) with the
exception to estriol and estrone (prepare in 100% methanol).
Store the stock solutions at 4 °C in the refrigerator to mini-
mize evaporative loss and cover in the foil to minimize photo-
degradation of the analytes.

3. Sample: River water.

4. Sample preparation: Spike the river water sample with six test
analytes (NP, OP, EO, DES, 17p-oestradiol, and BPA) of the
analysis using cyclodextrin-modified micellar electrokinetic
chromatography. In order to minimize differences between the
sample zone and surrounding buffer zone, add some of the key
buffer components directly to the river water sample prior to
analysis, which include cyclodextrin, surfactant, and buftfer.
Due to the limited solubility of analytes in aqueous samples at
high concentrations, add 10 mL of acetonitrile to aid analyte
solubility. Analyze an un-spiked sample in order to identify
possible matrix effects.

5. CE instrument and capillary: Use Beckman P/ACE 5500
system (Beckman Coulter, Fullerton, CA, USA), equipped
with a photo-diode array detection (DAD) system and
Windows P/ACE Station Software version 1.21. Integration
data is calculated by P/ACE Station using the USP (United
States Pharmacopoeia) method. The 57 ¢cm long fused silica
capillaries (Beckman) with an internal diameter of 50 pm.

6. Background electrolytes:
(a) 100 mM Cyclohexylamino-1-propane sulfonic acid
(CAPS) at pH 11.5 with 20 % methanol.

(b) 20 mM Cyclohexylamino-1-propane sulfonic acid (CAPS)
pH 11.5 with 15% ACN and 25 mM sodium dodecylsul-
fate (SDS). Adjust pH with 0.1 M HCl and 0.1 M NaOH.

(c¢) 100 mM Sodium phosphate pH 1.8, 25 mM SDS, 12.5%
ACN, 1 mM HP-p-CD.



414 Ashok Kumar Malik et al.

oL cl OH OH Me. Me
0 cl © HO” ‘ ‘ ~OH

cl Cl CgH17 C9H19

J K L M

Fig. 4 Structures of some typical EDCs used in this study. (a) Pentachlorophenol (PCP); (b) trichlorophenol
(TCP); (e) 17p-estradiol; (d) dichlorophenol (DCP); (e) estrone; (f) estriol; (g) diethylstilbestrol (DES); (h) ethyny-
loestradiol (EQ); (i) lindane; (j) dieldrin; (k) octylphenol (OP); (I) nonylphenol (NP); (m) bisphenol-A (BPA) [18]

2.7 Analysis The analysis of toxins is very important due to their food-poisoning

of Toxins effect. A routinely and practicable method for the analysis of toxins
is given below which is exemplified with the analysis of domoic
acid (DA) from mussel tissue as described by Pineiro et al. [ 34].

1. Analytes: Domoic acid and paralytic shell fish-poisoning (PSP)
toxins. Domoic acid calibration solution (DACS-1B) and mus-
sel tissue reference material (MUS-1) containing 100 mg DA/
mL and 100 mg DA /g, respectively, can be obtained from the
Marine Analytical Chemistry standards program, National
Research Council of Canada. Acetic acid solutions (0.03 M) of
saxitoxin (STX) and decarbamoyl saxitoxin (dcSTX) (20 mg/
mL) are provided by RIVM hoven, the Netherlands. For
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Fig. 5 Chemical structure of (a) domoic acid and (b) PSP toxins [34]

breakpoint cluster region (BCR), standard measurements and
testing program certification study can be used. The chemical
structure of domoic acid and PSP toxins is shown in Fig. 5.

. Sample: Amnesic shellfish poisoning (ASP)-contaminated sam-

ples of razor clams and mussels from Ria de Vivero (Lugo) can
be obtained from Delegacion “Provincial de Pesca de Lugo,
Conselleria de Pesca, Xunta de Galicia.” PSP-contaminated
mussel samples from Ria de Vigo can be obtained from
Conselleria de Sanidade, Xunta de Galicia. Freeze the samples
at (-18 °C) until analysis.

. Sample preparation:

(a) Extraction of domoic acid:

To 4 g homogenized tissue, add 16.0 mL methanol-water
(1:1,v/v). Homogenize the mixture for 3 min and then cen-
trifuge at 4500 rpm for 10 min. Filter the supernatant
through a 0.45 mm filter (Millex-HV) and keep in the fridge
until analysis.

(b) Cleanup for ASP toxins:

The conditions required for this cleanup are as described
below.
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Step I: Pass 5.0 mL of extract through a strong anion-
exchange (SAX) cartridge (part No. 1210-2044, lot No.
182639, 3 mL of capacity, 500 mg, Varian), previously
conditioned with methanol, water, and methanol-water
(1:1, v/v). Wash the extract with methanol-water (1:1)
and elute with 5 mL 0.1 M formic acid.

Step 2: Load through a strong cation-exchange (SCX) car-
tridge (part No. 1211-3039, 10 mL /500 mg of size, lot
No. 171069) preconditioned with methanol, water, 0.1 M
formic acid, and 5 mL of SAX. Wash the cartridge with
5 mL of 0.01 M formic acid. Elute with 0.5 mL of 25 mM
sodium tetraborate (pH 9.2)-acetonitrile (9:1, v/v). Elute
with six portions of 2 mL of 25 mM sodium tetraborate
(pH 9.2)-acetonitrile (9:1) and domoic acid starts to
appear in the third eluate.

(c) Extraction and cleanup of PSP toxins.

Extract the paralytic shellfish-poisoning toxins from mussel
samples for the analysis of PSP toxin in food. Pass 3.0 mL
volume of supernatant obtained in the extraction procedure
through a Cj; cartridge and collect 1.5-2.0 mL of eluate for
the analysis. Condition the cartridge with methanol and
water under the conditions. After purification on a Cyg car-
tridge, ultrafilter the extracts in a 0.45-18 pm membrane
(Ultratree-MC, Millipore) and analyze by CE-UV.

. CE instrument and capillary: HP-3D CE (Hewlett-Packard)

system equipped with diode array detection system. Difterent
capillaries and conditions are required for the ASP and PSP
toxin analysis:

(a) For analysis of ASP toxins fused silica capillaries
66 cmx 363 pm O.D., 50 ym I.D. with a UV window
located 15 cm from the exit end of the capillary at room
temperature and perform detection at 242 nm. Inject the
sample at 50 mbar for 12 s and apply a voltage of 30 kV.

(b) For PSP toxins perform the CE separations in a polyvinyl
alcohol (PVA)-coated capillary (104 cmx75 pm 1.D.)
under a constant voltage of 20 kV at the injector end of the
capillary. Apply the sample under constant pressure
(50 mbar) to introduce 20% volume of the capillary.
Perform the UV detection at 200 nm.

. CE buffer.

(a) For ASP toxins: 25 mM Borate bufter.

(b) For PSP toxins: Capillary iso-tachophoretic (cITP) electro-
lyte is 10 mM formic acid. cITP preconcentration is per-
formed with 50 mM morpholine in water adjusted to pH
5 with formic acid.
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Explosives and their degradation products are the important envi-
ronmental contaminants. Standard methods for their analysis due to
sea remediation efforts, forensic analysis after the terrorist, or other
criminal activity are required. Herein the analysis of nitramine and
nitro aromatic explosives [20] as their representative is described.

1.
2.

Analytes: Explosives as given in Table 1.

Sample: Extract the small piece of explosive in less than 3—4 mL
of acetonitrile.

. Sample preparation: Dilute the extracts with the running elec-

trolyte in a ratio of 1:5.

. CE instrument and capillary. Capillary electrophoresis system.

Detection at 185, 214, 229 and 254 nm. AccuSep polyimide
fused silica capillaries (Waters, Milford, MA, USA) of dimen-
sion 60 cm x 50 pm I.D. Computer control and data acquisition
with a Waters Millennium 2010 Chromatography Manager.

. CE buffer: 25 mM Mono- and dibasic phosphate (dilute the

contents of packet to 200 mL) as electrolyte solution. 50 mM
Sodium dodecyl sulfate (SDS) (electrophoresis grade, Millipore).

Table 1
Names and abbreviations of explosives analyzed by MECC

Name Abbreviation
1,3,5,7-Tetranitro- N-methylaniline HMX
1,3,5-Trinitro-1,3,5-triazacyclohexane RDX
1,3,5-Trinitrobenzene TNB
Trinitrotoluene TNT
2.4-Dinitrotoluene 2.4-DNT
2,6-Dinitrotoluene 2,6-DNT
1,2,3-Propanetriol trinitrate (nitroglycerin) NG
Pentaerythritol tetranitrate PETN
2,4,6- N-tetranitro- N-methylaniline Teryl
2-Nitrotoluene 2-NT
3-Nitrotoluene 3-NT
4-Nitrotoluene 4-NT
Nitrobenzene NB

1,3-Dinitrobenzene DNB
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2.9 Separation

of Bisphenol

A and Three
Alkylphenols by MEKC

2.10 Analysis
of Polycyclic Aromatic
Hydrocarbons

Bisphenol A and alkylphenols are consumed in large volumes for
industrial use. Bisphenol A is used for the production of polycar-
bonate or epoxy resin. These have endocrine disrupting effects. A
method for the determination as described by Wakida et al. [22] is
described here.

1.

Analytes: Bisphenol A (BPA), 4-tert-butylphenol (4-tBP),
4-(1,1,3,3-tetramethylbutyl)phenol (TMBP), nonylphenol
(4-ND).

. Samples: Prepare the samples by diluting the stock solution

with the running buffer and make the final concentration of
each solute to 50 mg/L.

. Instrumentation and capillary: P/ACE 5010 CE system

(Beckman, CA, USA). The instrument control, data collec-
tions, and analysis are performed with Compaq Deskpro per-
sonal computer (Compagq, TX, USA). A 50 pm I.D. fused silica
capillary of 57 cm total length and the effective length of
50 c¢m to the detector and 50 pm I.D.

. Running buffer: 20 mM Borate-phosphate (pH 8.0); concen-

tration of surfactant (sodium dodecyl sulfate) 20 mM; acetoni-
trile 5 %.

. CE conditions: Applied voltage, 20 kV; detection wavelength,

214 nm; temperature 25 °C.

The PAHs are very important environmental pollutants. Their
analysis is very important because of toxicity, mutagenicity, and
carcinogenicity to animals. A method described by Freitag et al.
[6] is given as an example.

1.

Analytes: Anthracene, benzo[a]pyrene, chrysene, fluorene,
phenanthrene, pyrene, fluoranthene.

. Stock solution: Prepare 1 mg/mL concentration of each in

acetonitrile.

. Samples: Soil sand, soil sample contaminated with machine oil.

. Sample preparation: (a) For soil sample, spike 10 g of sand (heath)

with 0.5 mL of a solution containing seven standard PAHs, each
at a concentration of 1 mg/mL. (b) Prepare second sample by
contaminating 30 g of sand (heath) with 1 mL of spent machine
oil from garage. Extract after 2 h with acetonitrile.

. Sample extraction: (a) Extract the PAHs from 0.5 g of soil sample

with the help of 6 mL cyclohexane with vigorous shaking
(15 min). Wash with an additional 4 mL of cyclohexane and evap-
orate to dryness. Dissolve the residue in 0.5 mL of acetonitrile.
(b) Extract the PAHs from the 10 g machine oil-contaminated
soil with 10 mL of cyclohexane (10 mL for washing) and evapo-
rate to dryness and dissolve in 2.5 mL of acetonitrile.
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6.

CE instrument and capillary: Hewlett-Packard 3D-CE instru-
ment equipped with HP 3D-CE (Rev. A. 01.02.) software for
data collection, data analysis, spectral identification, and sys-
tem control. Perform detection using UV-Vis absorbance with
a photodiode-array detector (total range, 190-690 nm; range
used, 190-350 nm). The fused silica capillaries 28 cm (length
from inlet to detector), 50 pm internal diameter.

. CE buffer: Borate buffer 8.5 mM (pH 9.9) containing 85 mM

SDS and 50% (v/v) acetonitrile as the electrophoresis buffer.

3 Methods

3.1 Analysis of the
Derivatives and
Isomers of Benzoate
and Phthalate

3.2 Analysis
of Sudan Dyes in Chilli
Powder

. Rinse the capillary consecutively with 0.1 M NaOH and water

for 2 min, and equilibrate with the carrier electrolyte for 2 min
before each run.

2. Filter the buffer and sample through 0.2 pm membrane.

W

. Set the instrument conditions at +25 kV and 25 °C.

. Introduce the sample using controlled pressure of 50 mbar for

0.5 min.

. Perform the detection at two fixed wavelengths 215 and 240 nm.

. Prepare the calibration graphs by injecting mixed sample of

standard solution using electrolyte (A) that is phosphate bufter
10 mM, pH 7.0 (Fig. 6).

. Perform the same separation using the electrolyte (B) that is

phosphate buftfer 10 mM with 4 mM a-CD, 8 mM B-CD, and
4% PEG 600 at pH 11.0. Electropherogram obtained under
these conditions is given in Fig. 7.

. Method can be applied to check the purity of terephthalic acid

which is important for polyester production.

. Before starting the separation rinse the capillary sequentially

with 0.1 M NaOH (5 min/20 psi), deionized water
(5 min/20 psi), methanol (5 min/10 psi), deionized water
(5 min/20 psi), and BGE (10 min/10 psi).

. Rinse the capillary between consecutive analyses with BGE for

5 min at 20 psi. At the end of the day, rinse the capillary
sequentially with 0.1 M sodium hydroxide (2 min/20 psi),
deionized water (10 min/20 psi), methanol (2 min/20 psi),
deionized water (5 min/20 psi), and then finally air-dry
(10 min/20 psi).

. Degas the BGE using ultrasonication and filter through

0.45 pum membrane filter.

. Operate CE system at 20 kV and 25 °C.
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Fig. 6 Electropherogram of benzoic acid and 11 of its derivatives (0.1 mM each) run in 10 mM phosphate buf-
fer (pH 7.0). Peaks (1) p-acetamidobenzoic acid; (2) monomethyl terephthalate; (3) aspirin; (4) p-hydroxybenzoic
acid; (5) p-toluic acid; (6) 2-carboxybenzaldehyde; (7) 4-carboxybenzaldehyde; (8) benzoic acid; (9) salicylic
acid; (10) o-phthalic acid; (11) terephthalic acid; (12) isophthalic acid. Absorbance measured at 215 nm,
+25 kV, and 25 °C. The separation capillaries (bare fused silica), 68 cm (61 cm to the detector), 75 pm 1.D.,
365 pm 0.D. [23]
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Fig. 7 Electropherogram of mixture of standards (0.1 mM each) run in phosphate buffer 10 mM with 4 mM
a-CD, 8 mM B-CD, and 4% PEG 600 at pH 11.0. Peaks (1) p-acetamidobenzoic acid; (2) monomethyl tere-
phthalate; (3) aspirin; (4) p-hydroxybenzoic acid; (5) p-toluic acid; (6) 2-carboxybenzaldehyde; (7)
4-carboxybenzaldehyde; (8) benzoic acid; (9) salicylic acid; (10) o-phthalic acid; (11) terephthalic acid; (12)
isophthalic acid. Absorbance measured at 215 nm, +25 kV, and 25 °C. The separation capillaries (bare fused
silica), 68 cm (61 cm to the detector), 75 pm 1.D., 365 pm 0.D. [23]
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Fig. 8 Electropherograms corresponding to (a) a mixture of standards, (b) chilli
powder sample, (¢) chilli powder sample spiked with three Sudan dyes.
Conditions: 5 mM borate (pH 9.3), 20 mM SDS, and 20 % acetonitrile, 20 kV,
injection=>5 s, 0.5 psi, temperature =25 °C. UV=214 nm [24]

. Inject the mixture of standard solutions of dyes and prepare

the calibration curves for the determination of Sudan I, Sudan
II, Sudan III, and Sudan IV.

. Apply the method on the chilli powder samples and spiked

chilli powder samples. A typical electropherogram for the sepa-
ration of these dyes at 214 nm is given in Fig. 8.

1. Maintain the capillary at the constant temperature ot 30 °C.

[\

QN Ul W

. Rinse the capillary with 0.1 M NaOH, and the separation buf-

fer before each run.

. Operate the CE system at a 20 kV and 30 °C.
. Set the detector wavelength to 230 nm.
. Inject the sample hydrodynamically at 5 s.

. Electropherogram showing separation of the phenoxy acids is

given in Fig. 9.

. Rinse the capillary consecutively with 1 M NaOH, 0.1 M

NaOH, and water for 2 min, and equilibrate with the carrier
electrolyte for 2 min.

. Between the electrophoretic separations, use equilibrium step

with carrier electrolyte. Filter all electrolyte solutions through
a 0.45 pm membrane filter.
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3.5 Analysis
of Paraquat
and Diquat
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Fig. 9 Electropherogram of the phenoxy acid herbicides (1) MCPB, (2) fenoprop,
(3) mecoprop, (4) dichloroprop, (5) MCPA, each at concentration 20 ppm.
Background electrolyte: 25 mmol acetate buffer, 4.5 pH, separation voltage
30 kV, capillary dimensions: 57 total length 50 cm to detector, 75 pm (i.d.), 5-s
injection, temperature 30 °C, and wavelength 215 nm

. Inject the solutes for 2 s (injection volume 13.1 nL) in the

hydrodynamic mode by vacuum.

4. Perform detection by direct UV absorbance at 254 nm.

AN

. Operate the instrument at 30 kV.

. Prepare the calibration graphs by injecting a series of solutions

with thio compounds into the capillary. Figure 10 and Fig 11
shows the separation of a mixture of dithiocarbamates using
CE.

. A typical capillary electropherogram of the commercial sample

of maneb is shown in Fig. 11 (se¢ Note 2).

. Carry out the electrophoretic separation according to the gen-

eral procedure for grain sample. Take untreated samples of
wheat grains as reference.

. Rinse the capillary with 0.1 M NaOH, and the separation buf-

fer before each run.

. Operate the CE system at a voltage of 15 kV.

. Inject paraquat and diquat for 2 s (injection volume 13.1 nL)

in the hydrodynamic mode by vacuum and record the electro-
pherogram with a UV-Visible spectrophotometer.

. A typical electropherogram is shown in Fig. 12 for the deter-

mination of paraquat and diquat at 254 nm.

. The Ay for paraquat and diquat are 258 nm and 308 nm,

respectively.
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Fig. 10 Capillary electropherogram of sodium diethyldithiocarbamate (0.083 mM)

(@), potassium o-ethylxanthate (0.017 mM) (b); metham (0.018 mM) (c), and

(0.04 mM) maneb (d), using 20 mM boric acid buffer (pH 9.0) as the carrier

electrolyte, voltage applied ~+ 25 KV, detection at 1 =254 nm [14]
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Fig. 11 Capillary electropherogram of a commercial sample of “Dithane M 45”
Maneb 0.074 mM, same conditions as in Fig. 10 [14]
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3.6 Analysis
of Endocrine
Disruptors

0.0005 0.0016 ~

ABSORBANCE AT 254 nm

Paraquat

Paraquat Diquat

Diquat

| 2—Aminopyridine (1.S.) |
|

\—\*LR[ .

S

0 — N e i)
0 4 8 12 0 4 8 12

Min Min

Fig. 12 A typical electropherogram illustrating the rapid separation of herbicides
by CZE. Separation capillary, untreated fused silica capillary 50 cm (to the detec-
tion point), 80 cm total length 50 cm I.D.; running electrolyte, 0.10 M sodium
phosphate, pH 3.5 in A, pH 7.0 in B, sample injection electromigration, 5-s, run-
ning voltage, 15 KV, internal standard 2-aminopyridine, detection 254 nm [16]

QN Ul W

. Rinse the capillary with 0.1 M NaOH followed by buffer for

10 min before the first use every day.

. Rinse for 3 min with 0.1 M NaOH, deionized water, and buf-

fer before each separation.

. Filter the bufter through a 0.2 pm filter.
. Select the DAD detector in the range of 190-300 nm.
. Perform the hydrodynamic injection for 5 s at high pressure.

. For three natural estrogens that is estriol, 17-estradiol, and

estrone use 100 mM CAPS buffer (pH 11.5) and 20 % meth-
anol. Electropherogram obtained at 210 nm and 30 kV is
given in Fig. 13.

. For the separation of 19 EDCs use 20 mM CAPS (pH 11.5)

with 15% ACN and 25 mM SDS. Electropherogram obtained
at 200 nm with 20 kV is given in Fig. 14.

. Analyze the spiked river water sample using 100 mM sodium

phosphate (pH 1.8), 25 mM SDS, 12.5% ACN, and 1 mM
(2-hydroxypropyl)-p-cyclodextrin (HP-p-CD).
Electropherogram obtained at 214 nm with CE operating at
20 kV and 25 °C is given in Fig. 15.
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Fig. 13 Separation of three natural estrogens. Separation conditions: 100 mM
CAPS buffer pH 11.5 and 20% MeOH. Applied voltage 30 kV; detection UV
210 nm. Analytes dissolved in 100% MeOH. Peak identification (1) MeOH, (2)
0.5 mM estriol, (3) 1 mM 17p-estradiol, (4) 0.5 mM estrone [18]

Minutes

Fig. 14 Separation of 19 target EDCs using MEKC. Separation conditions: 20 mM
CAPS pH 11.5 with 15% ACN and 25 mM SDS; voltage 20 kV; detection at
200 nm; injection sample MeQH-buffer (50:50, v/v). Peak identification: 1 =eth-
ylphenol, 2=estriol, 3=methylparaben, 4=phenol, 5=propylphenol, 6=lin-
dane, 7 =trichlorophenol, 8=Dhisphenol-A, 9 =pentachlorophenol,
10=butylphenol, 11 =estrone, 12=17 f-estradiol, 13 =DES, 14 =hexylphenol,
15=dieldrin, 16 =ethynyloestradiol, 17=NP12, 18 =NP2EO, 19=nonylphenol
[18]
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3.7 Analysis
of Toxins

3.7.1 CE-UV Analysis
of ASP Toxins

3.7.2 CE-UVAnalysis
of PSP Toxins

3.8 Analysis
of Explosives
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Fig. 15 Analysis of spiked river water sample. Separation conditions: 100 mM
phosphate pH 1.8, 25 mM SDS, 12.5% ACN, 1 mM HP--CD (M.S. 0.8). +ve
polarity, capillary 57 cm x50 pm 1.D.; 25 °C. Applied voltage +20 kV; 214 nm.
Analytes dissolved in 10% ACN, 90% run buffer. Analyte concentration
20 mg/L. Peak identification: 1 =sample matrix, 2=0P, 3=NP, 4=DES, 5=EO,
6=17 p-estradiol, 7=BPA [18]

1. Perform CE analysis of ASP toxins using UV detection at a
wavelength of 242 nm.

2. Inject the sample at 50 mbar pressure for 12 s and set the voltage
tor the separation at 30 kV. Use different buffer electrolyte con-
centrations in a range of 10, 25, and 50 mM in borate buffer.

3. Figure 16 shows CE-UV/DAD analysis of domoic acid and
MUS-1 reference material.

1. Perform CE separation in a polyvinylalcohol (PVA)-coated
capillary (104 cmx 375 pm 1.D.) under a constant voltage of
20 kV at the injector end of the capillary.

2. Apply the sample under constant pressure (50 mbar) and intro-
duce 20 % volume of the capillary.

3. Record the electropherogram at 200 nm.
4. Figure 17 shows CE-UV/DAD analysis of PSP toxins.

1. Rinse the capillary with 1 M NaOH and water for 2 min, and
equilibrate with the carrier electrolyte for 2 min.

2. Prepare solutions of the various explosives at a concentration
of 5.0 mg/L.

3. Take 3—4 mL of extract of the explosives in acetonitrile.

4. Dilute the extracts with the running electrolyte in a ratio of 1:5.
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Fig. 16 CE-UV/DAD analysis of (a) domoic acid standard, (b) MUS-1 reference
material after SAX-SCX cleanup, and (c) Galician razor clam sample after SAX-
SCX cleanup [34]
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3.9 Separation

of Bisphenol

A and Three
Alkylphenols by MEKC

3.10 Analysis of
PAHs
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Fig. 17 Standard of PSP toxins, 20 kV, 50 mM morpholine, pH 5 [34]

[S2 " “NVS I )

. Inject the standard samples into the capillary and prepare the

standard calibration curve.

. Figure 18 shows the separation of a mixture of the explosives.

. Figures 19, 20, and 21 show the capillary electropherogram for

the determination of explosives from different acetonitrile extracts.

. Filter the running electrolyte using 0.45 pm pore size mem-

brane filter prior to use.

. Rinse the capillary with 1 M NaOH for 2 min, followed by

subsequent washings with water for 2 min and running solu-
tion for 2 min.

. Operate the CE system at a voltage of 20 kV and 25 °C.

. Inject the samples using pressure (0.5 p.s.i., 5's).

. Prepare the standard calibration curves for bisphenol A and

alkylphenols.

. A typical electropherogram is shown in Fig. 22.

. Regenerate the capillaries with 0.1 M NaOH for 1 min and

buffer for 2 min.

. Degas the mobile phase by ultrasonication.

. Operate the instrument at 30 kV and 20 °C.

. Set detection in range of 190-350 nm using PDA detector.

. Inject the standard mixture of PAHs solution by applying a

vacuum of 30 mbar for 5 s and record the capillary electrophe-
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Fig. 18 Electropherogram of a 5 mg/L explosives standard. CE Conditions: fused silica 60 cm x50 pum I.D.
capillary, voltage: 20 kV (positive); electrolyte: 25 mM phosphate-50 mM SDS; direct UV detection at 214 nm;
hydrostatic injection (10 cm for 20 s). Solutes:1 =HMX; 2=RDX; 3=TNB; 4=NG; 5=DNB; 6=NB; 7=TNT,
8 =tetryl; 9=PETN; 10-2,4-DNT; | =2,6-DNT, 12-2-NT; 13=3-NT; 14 =4-NT. Refer to Table 1 for full names
of solutes [20]
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Fig. 19 Electropherogram of composition C-4 extract. Conditions as stated in
Fig. 18. Solutes:1 =HMX; 2=RDX. Refer to Table for full names of solutes [20]
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Fig. 20 Eleetropherogram of detonating cord extract. Conditions as stated in
Fig. 18. Solutes: 9=PETN. Refer to Table 1 for full names of solutes [20]

Fig. 21 Electropherogram of tetrytol extract. Conditions as stated in Fig. 18.
Solutes: 7 =TNT; 8 =Tetryl. Refer to Table 1 for full names of solutes ref. [20]

rogram (Fig. 23). Prepare the standard calibration curve for
the analysis of the PAHs and find out the concentration of the
unknown samples (se¢ Note 3).

6. Inject the spiked soil sample, record the electropherogram
(Fig. 24), and find the recoveries.

7. Inject soil sample contaminated with machine oil and record
the electropherogram (Fig. 25) depicting the absence of PAH.
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Fig. 22 Electropherogram for bisphenol A and alkyl phenols (1) 4-tert-butylphe-
nol (4-tBP), (2) bisphenol A (BPA), (3) 4-(1,1,3,3-tetramethylbutyl)phenol (TMBP),
(4) nonylphenol (4-NP). Running electrolyte: 20 mM borate-phosphate (pH 8.0),
20 mM SDS, 5% ACN, CE conditions: Applied voltage, 20 KV; detection wave-
length, 214 nm; temperature 25 °C [22]
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Fig. 23 Separation mix of standard PAHs: (1) Anthracene, (2) fluorene, (3) phenanthrene, (4) fluoranthene, (5)
pyrene, (6) chrysene, (7) benzo[a]pyrene. Background electrolyte: Borate buffer 8.5 mM (pH 9.9) containing
85 mM SDS and 50 % (v/v) acetonitrile as the electrophoresis buffer (SDS method). The fused silica capillaries
28 cm (length from inlet to detector), 50 um internal diameter, 30 kV, and 20 °C [6]
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Fig. 24 Separation mix of standard PAHs from spiked soil sample: (1) Anthracene, (2) fluorene, (3) phenan-
threne, (4) fluoranthene, (5) pyrene, (6) chrysene, (7) benzo[a]pyrene. Background electrolyte: Borate buffer
8.5 mM (pH 9.9) containing 85 mM SDS and 50 % (v/v) acetonitrile as the electrophoresis buffer (SDS method).
The fused silica capillaries 28 cm (length from inlet to detector), 50 pm internal diameter, 30 kV, and 20 °C [6]
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Fig. 25 Analysis of a soil sample contaminated with machine oil. Background electrolyte: Borate buffer 8.5 mM
(pH 9.9) containing 85 mM SDS and 50 % (v/v) acetonitrile as the electrophoresis buffer (SDS method). The
fused silica capillaries 28 cm (length from inlet to detector), 50 pm I.D., 30 kV, and 20 °C [6]
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4 Notes

1. A comparison of various detectors is given in Table 2.

2. It was observed that the peak due to maneb appears earlier as
compared to pure sample of maneb in the presence of other
dithiocarbamates. The migration time of maneb is different in
commercial sample analysis as there is decrease in electroos-
motic flow due to the presence of other compounds in the test
mixture. This observation is similar to the observation that the

Table 2

Comparison of the detection limits for different spectroscopic detectors used for capillary
electrophoresis

Approx.
linear
range
(M) Approx.
Detection (S/N=2 mass
mode or3) LOD (M) Applications Advantages Disadvantages References
UV-Vis 10-°- 10- Pesticides, aromatic Easy to use  Not so [4,26]
absorbance 1073 amines, etc. sensitive
Indirect UV-V  10-5- 1014 Aliphatic Selective and Imposes limits [4, 26]
is absorbance 1073 compounds sensitive on choices
of buffer
Optical 10-°- 10- Aliphatic and Selective and Selective in [4,26]
absorbance 103 aromatic amines, sensitive detection
(LED) etc.
Laser-induced 10-1%-— 102 Formaldehyde Highly Selective and  [35, 36]
fluorescence 1012 acetaldehyde, sensitive expensive
etc.
Mass 102- 101 Phenols, PAHs, etc. Highly Selective and  [35, 37]
spectrometry 107 sensitive expensive
1ICP-MS 10-12- 102 Organophosphorus Highly Selective and  [38]
10~ pesticides, etc. sensitive expensive
Nuclear 10-%- 10-1% Aromatic Highly Low selectivity [39]
magnetic 10-3 sulfonates, etc. sensitive and
resonance expensive
(NMR)
Photothermal  107%- 102 Pesticides, PAHs,  Highly Expensive and [27]
(thermal 10-12 etc. sensitive, difficult to
lensing) short handle

analysis
time
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migration time increases with the buffer concentration. The
experiments with pure maneb sample and the corresponding
peak appear at the same time as commercial samples. Therefore,
it is concluded that the presence of other analytes is affecting
the migration time.

3. The buftfer in the outlet vial is to be exchanged after each run
to improve the reproducibility. After each injection dip the
capillary in a second bufter vial to remove all traces of the sam-
ple from the outer capillary wall.
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Chapter 21

Capillary Electrophoresis in Metaholomics

Tanja Verena Maier and Philippe Schmitt-Kopplin

Abstract

Metabolomics is an analytical toolbox to describe (all) low-molecular-weight compounds in a biological
system, as cells, tissues, urine, and feces, as well as in serum and plasma. To analyze such complex biological
samples, high requirements on the analytical technique are needed due to the high variation in compound
physico-chemistry (cholesterol derivatives, amino acids, fatty acids as SCFA, MCFA, or LCFA, or pathway-
related metabolites belonging to each individual organism) and concentration dynamic range. All main
separation techniques (LC-MS, GC-MS) are applied in routine to metabolomics hyphenated or not to
mass spectrometry, and capillary electrophoresis is a powerful high-resolving technique but still underused
in this field of complex samples. Metabolomics can be performed in the non-targeted way to gain an over-
view on metabolite profiles in biological samples. Targeted metabolomics is applied to analyze quantita-
tively pre-selected metabolites. This chapter reviews the use of capillary electrophoresis in the field of
metabolomics and exemplifies solutions in metabolite profiling and analysis in urine and plasma.

Key words Capillary electrophoresis, Metabolomics, Mass spectrometry, Fatty acids, Targeted,
Non-targeted

1 Application Review of Metabolomics Using Capillary Electrophoresis

Several studies using capillary electrophoresis in the field of metab-
olomics have been shown during the last few years. Therefore, vari-
ous reviews were published dealing especially with CE and
metabolomics in general [1-7] between 2008 and 2014.
Furthermore, reviews being about special topics as Foodomics [8],
single-cell [9-11] diseases (e.g., cancer) [12-14] in toxicology
[15], human blood [16], host-gut microbiota metabolic interac-
tions [ 17], as well as non-targeted fingerprinting [ 18, 19] and bio-
marker discovery [20-25]. More reviews involving CE have been
published, which are shown in Table 1.

In addition, Tables 2, 3,4, 5, 6,7, 8,9, and 10 present several
applications dealing with CE and metabolomics classified on the
analyzed matrix (e.g. urine, plasma).

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_21, © Springer Science+Business Media New York 2016
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Table 1
List of review articles dealing with metabolomics and capillary electrophoresis on special topics

Title Reference

1 Recent advances of chromatography and mass spectrometry in lipidomics [26]

2 Metabolome analysis by capillary electrophoresis-mass spectrometry [27]

3 Analysis of carboxylic acids in biological fluids by capillary electrophoresis [28]

4 Advances in analytical methodology for bioinorganic speciation analysis: metallomics, [29]
metalloproteomics, and heteroatom-tagged proteomics and metabolomics

5  Review: microfluidic applications in metabolomics and metabolic profiling [30]

6  Separation and mass spectrometry in microbial metabolomics [31]

7  Advances in separation science applied to metabonomics [32]

8  Profiling of primary metabolite by means of capillary electrophoresis-mass [33]
spectrometry and its application for plant science

9  Capillary electrophoresis-mass spectrometry: 15 years of developments and [34]
applications

10  Capillary electrophoresis-mass spectrometry for analysis of complex samples [35]

11  Recent advances in amino acid analysis by capillary electromigration methods, [36]
2011-2013

12 New advances in separation science for metabolomics: resolving chemical diversity in  [37]
a post-genomic era

13 The use of metabolomics to dissect plant responses to abiotic stresses [38]

14 Growing trend of CE at the omics level: the frontier of systems biology—an update  [39]

15 Capillary electrophoresis at the omics level: towards systems biology [40]

16 MS-based analytical methodologies to characterize genetically modified crops [41]

17  Applications of mass spectrometry to metabolomics and metabonomics: detection of [42]
biomarkers of aging and of age-related diseases

18 Multidimensional separations in the pharmaceutical arena [43]

19 Metabolomics as a tool for the comprehensive understanding of fermented and [44]
functional foods with lactic acid bacteria

20 Metabolomics in cancer biomarker discovery: current trends and future perspectives  [45]

21 Determination of organic acids by CE and CEC methods [46]
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452 Tanja Verena Maier and Philippe Schmitt-Kopplin

Table 8
Food and environmental
Targeted/
non-
Individual targeted Matrix Analytes BGE Capillary Detection lonization Reference
Food Non- Soybean Metabolite Cationic: 1 M Fused silica TOF ESI(+), [151]
targeted (CGJ)  profiling formic acid capillary ESI(-)
Anionic: 20 mM  [100 cm
ammonium lengthx 50 pm
formate (pH  i.d.]
10.0)
Food Non- Rice wine Metabolite Cationic: Cationic: Fused  TOF ESI(+), [152]
targeted profiling 1 mol/L silica capillary ESI(-)
Formic acid [100 cm
Anionic: length x50 pm
50 mmol /L id.]
Ammonium Anionic:
acetate COSMO(+)
solution (pH  capillary
8.5) [110 cm
length x50 pm
id.]
Environ Non- Atmosp - Ammonium Fused silica DAD/ ESI(-) [153]
mental  targeted heric acetate (pH capillary [70 cm  single
aerosols 4.7) lengthx 75 pm quadru
Ammonium i.d.x 365 pm pole
formate (pH  o.d.]
2.5)

2 Application Examples for Targeted Fatty Acid Analysis and Non-targeted

Metabolomics

2.1 Plasma

and Urine Metabolic
Fingerprinting of Type
1 Diabetic Children[70]

2.1.1  Materials,
Equipment, and Conditions

Analytes and Sample

Sample Preparation

CE and MS Instrument
and Capillary, CE Buffer

In this study, a non-targeted approach for urine fingerprinting by
CE-MS and plasma fingerprinting by LC-MS is described. Therefore,
24-h urine samples from diabetic children (in total, 49 children took
part at the study and were under metabolic control through insulin
treatment; urine samples for CE-MS metabolic fingerprinting only
were available from 31 diabetic children [15] control and 16 dia-
betic samples). Samples were stored at -80 °C until analysis. This
study was part of a previous implemented study (Balderas [71]).

0.5 mL of urine was first vortex-mixed for 1 min and then centri-
fuged—in order to remove the pellet—for 20 min (16,000x g,
4 °C). 50 pL of the supernatant was taken and mixed with 200 pL
of water (MilliQ) and centrifuged again (16,000xg, 4 °C) for
20 min. 200 pL out of this was used for analysis by CE-MS.

The CE instrument was a 7100 Agilent Technologies capillary
electrophoresis system coupled to a TOF-MS (6224) from the
same company. The capillary which was used for separation was a
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2.1.2 Methods

2.1.3 Data Analysis

100 cm long fused-silica capillary (Agilent Technologies) with an
inner diameter of 50 pum. As CE buffer 0.8 mol /L formic acid in
10% methanol was used. No pH adjustment was done.

1. First, the new capillary was pretreated with 1 mol/L NaOH
for 40 min and deionized water for 30 min.

2. For analysis, samples were injected hydrodynamically at
50 mbar for 17 s.

3. Separation voltage was 30 kV with 25 mbar of internal
pressure.

4. As sheath liquid a mixture of methanol and water (1:1, v/v)
containing 1 mmol/L formic acid was used. The flow rate of
the sheath liquid was 0.4 mL/min, split 1:100.

5. The capillary was conditioned between runs with the CE buf-
fer for 5 min at 950 mbar.

6. The MS was operated in the positive ESI mode. Data were
obtained in the full scan mode (mass range from 80 to 1000
m/ z). Nebulizer pressure: 22.0 psi; dry gas temperature: 200 °C
(flow rate: 12.0 L/min); capillary voltage: 3500 V (scan rate:
1.02 scans/s). For the purpose of mass correction and to ensure
high accurate mass, two compounds (121.0509 [C;H,N,]| and
922.0098 [CsH504N;P3F,4]) were spiked into analyses.

7. Quality control (QC) samples (pooled urine samples) were
also measured to control instrument stability and performance.
QCs were run every five samples.

First, background noise and regardless ions were removed from
the obtained data set by CE-MS analysis (by Molecular Feature
Extraction Tool in the MassHunter Qualitative Analysis B.05.00
[Agilent Technologies]). 5841 features could be detected by
CE-MS analysis. After some filtering steps and alignment (by Mass
Profiler Professional Version B.02.02 [Agilent Technologies]) a
data matrix with possible features was created.

Statistical analyses were done by ztest for some metabolites
and determined by Microsoft Excel 2010® (Redmon, WA, USA).
Furthermore, multivariate data analysis was done by SIMCA-P+
12.0.1.0 (Uméa, Sweden), which reveals a separation in the scores
plot by OPLS-DA comparing healthy and diabetic children
(Fig. 1). In order to assign features, they were searched against
several online available databases as HMDB (http://hmdb.ca),
METLIN (http://metlin.scrips.edu), and LIPID MAPS (http://
www.lipidmaps.com). To confirm matching results of the men-
tioned databases and the analyzed features, standards were also
measured by CE-MS. Metabolites which could be assigned to
compounds or molecular formulas and could be associated with
either healthy or diabetic children are shown in Table 11.


http://hmdb.ca/
http://metlin.scrips.edu/
http://www.lipidmaps.com/
http://www.lipidmaps.com/
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Fig. 1 OPLS-DA score plot comparing healthy and diabetic children due to LC-MS (positive and negative ioni-
sation mode) and CE-MS (positive ionization mode) results. Presented with permission of John Wiley and Sons

2.2 CGComparative
Metabolite Profiling of
Carboxylic Acids in
Rate Urine by CE-ESI
-MS/MS Through
Positively Pre-charged
and HP-Coded
Derivatization [50]

2.2.1 Materials
and Equipment

Analytes and Sample

Sample Preparation

BAMP ( N-butyl-4-aminomethyl-pyridinium iodide) and HAMP
( N-hexyl-4-aminomethylpyridinium iodide) derivatives of carbox-
ylic acids (see Table 12 below).

For the study, urine samples from Sprague-Dawley female rats
(7-8 weeks old) were collected and stored at -80 °C. Rats were fed
ad libitum with a commercial standard rodent diet from Harlan.

(a) Preparation of derivatization reagents.
Synthesis of BAMP and HAMP was done based on Bardsley
etal. [159]. 15 g of phthalic anhydride (100 mmol) and 10 mL
of 4-aminomethylpyridine (100 mmol) were mixed and after-
wards incubated at 170 °C for 30 min. Crude phthalimido was
synthesized, which then was recrystallized using methanol. To
prepare BAMP, 5 g of the recrystallized product was 1:1 dis-
solved in 20 mL methanol and iodobutane (88 mmol) or iodo-
hexane (67 mmol) to synthesize HAMP. Afterwards, both
reactions were refluxed for 48 h (BAMP) and 72 h (HAMP).
Further preparation steps were done including cooling down
the mixture to room temperature, removing the solvent
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Table 12
List of carboxylic acids derivatized with BAMP and HAMP, including information on m/z,
concentrations (ug), mass (pg), and RSD of the migration time (%)

BAMP HAMP
Detection limit® Detection limit
—— Migration time
Conc. Mass Cone. Mass RSD (%,
Peak Carboxylic acid m/z (uM) (pg) m/z  (uM) (pg) n=>5)"

1  Oxaloacetic acid, di- 213.37 (+  20.0 26.0 241.38 (+ 5.0 6.0 1.20
2) 2)

2 Oxalic acid, di- 192.35 (+ 20.0 18.0 220.40 (+ 5.0 4.0 1.11
2) 2)

3 Malonic acid, di- 199.33 (+ 10.0 10.0 227.36 (+ 2.0 2.0 092
2) 2)

4 Fumaric acid, di- 205.37 (+ 5.0 5.0 233.35(+ 1.0 1.0 1.16
2) 2)

5 Succinic acid di-  206.36 (+ 2.0 2.0 234.37 (+ 0.5 0.6 099
2) 2)

6 Maleic acid, di-  205.37 (+ 5.0 5.0 233.35(+ 1.0 1.0 1.29
2) 2)

7 Maleic acid, di-  214.37 (+ 2.0 2.0 242.39 (+ 0.5 0.6 1.18
2) 2)

7 Citric acid, di-,  234.33 (+ 5.0 9.0 262.36 (+ 1.0 2.0 1.18

-H,0 2) 2)

7  Ketoglutaricacid,di- 220.38 (+  10.0 14.0 248.38 (+ 2.0 3.0 1.18
2) 2)

8 Isocitric acid, di--, 234.33 (+ 10.0 19.0 262.36 (+ 2.0 4.0 1.23

-H,0 2) 2)

9 Tartaric acid, di-  222.36 (+ 5.0 7.0 250.37 (+ 1.0 1.0 1.26
2) 2)

10 Adipic acid, di-  220.57 (+ 2.0 2.0 248.38 (+ 0.5 0.7 1.32
2) 2)

11 Citric acid, di- 243.33 (+ 5.0 9.0 271.33 (+ 1.0 2.0 1.01
2) 2)

12 Isocitric acid, di- 243.33 (+ 5.0 9.0 271.03 (+ 1.0 2.0 1.00
2) 2)

12 Formic acid 193.33 (+ 5.0 2.0 221.32 (+ 1.0 0.5 1.00
I) 1)

13 Acetic acid 207.34 (+ 10.0 6.0 235.33 (+ 5.0 3.0 1.06
1) 1)

(continued)
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Table 12
(continued)
BAMP HAMP
Detection limit Detection limit
Migration time
Conc. Mass Cone. Mass RSD (%,
Peak Carboxylic acid m/z (uM) (pg) m/z  (uM)  (pg) n=>5)"
14 Propionic acid ~ 221.37 (+ 2.0 1.0 249.14 (+ 1.0 0.7 1.08
1) I)
15 Pyruvic acid 235.37 (+ 10.0 8.0 263.37 (+ 2.0 1.0 1.14
I) 1)
15 Lactic acid 237.34 (+ 10.0 9.0 265.37 (+ 2.0 2.0 1.14
1) I)
16  Butyric+isobutyric 235.32 (+ 2.0 1.0 263.37 (+ 1.0 0.8 1.20
acid* 1) 1)
17 Benzanic acid 269.33 (+ 2.0 2.0 297.32 (+ 0.5 0.6 1.28
1) I)
18 Shikimic acid 321.36 (+ 10.0 17.0 349.34 (+ 2.0 3.0 1.24
1) 1)
19 Quinic acid 339.35 (+ 100.0 192.0 367.36(+ 20.0 38.0 127
1) 1)

Presented with permission of John Wiley and Sons

*Injection volume 10 nL, Mean of 3 injections of 5 different levels (concentration range: 100-1 mM).
bSuccessive injections (n=5) of standard mixture at the concentration of 100 mM.

¢Not separated by CE/MS.

~

(by evaporation under vacuum), and at least recrystallization by
acetone. To continue the synthesis of both derivatization
reagents, crystals were again refluxed by HBr (20 mL, 86% v/v)
for 6 h and 10 mL of water was added. In order to remove the
phthalic acid, reagents were filtered. Filtrates were afterwards
extracted with ether (2x10 mL) and evaporated under vac-
uum. To complete the synthesis of BAMP and HAMP another
recrystallization step from acetone was implemented.
Additionally, the same procedure as described before was
applied to synthesize the deuterated product of BAMP
(d9-BAMP), substituting iodobutane to d9-iodobutane. This
book chapter will not go into detail on the results of d9-BAMP
derivatives.

Derivatization.

First, both derivatization reagents and EDC were dissolved in
water (0.1 M). Twenty-four carboxylic acids were pooled and
dissolved in water. Each carboxylic acid was concentrated at
0.45 mM (divergent concentrations are listed in Table 1). For
the derivatization reaction 50 pL of standard mix and 100 pL
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CE and MS Instrument
and Capillary, CE Buffer

2.2.2 Methods

of the derivatizing reagent were mixed and incubated for 2 h
at 50 °C.

(c) Preparation of urine samples with derivatization reagents.

In order to compare CE-MS results of standards and the real
sample, derivatization of urine samples was done under similar
conditions as standard derivatization. Therefore, urine samples
were centrifuged for 10 min (3000x4, 4 °C). 500 pL of the
supernatant was mixed with 200 pL of the derivatization
reagent and 15 mg of EDC. Due to titration with 2 M HCl or
2 M NaOH the pH of the mixture was adjusted to a range of
4-6. Afterwards, the samples (urine+derivatization
reagent+ EDC) were finally incubated at 50 °C for 2 h.

(d) SPE.

Purification of the derivatized carboxylic acids was done by SPE
using Oasis® WCX cartridges (Waters, Milford, MA, USA).
Therefore, a 1 mL cartridge was conditioned with 1 mL metha-
nol, followed by 1 mL water. Derivatized samples and 300 pL
of 5% ammonium hydroxide were mixed and loaded onto the
cartridge. Afterwards, 1 mL of 5% ammonium hydroxide and
1 mL methanol were loaded on the cartridge. Elution of the
derivatives was done using 1 mL of 2% formic acid in metha-
nol. At last, they were vacuum dried and diluted with CE run-
ning buffer to the original volume, before CE-MS analysis.

CE measurements were performed by a Beckman-Coulter PAS00
CE System (Beckman-Coulter, Fullerton, CA, USA) coupled to a
QStar mass spectrometer from Applied Biosystems (Foster City,
CA, USA). A CE-MS Upgrad Kit from Applied Biosystems/MSD
SCIEX (Concord, Ont., Canada) was used as interface. Separations
were done on a 100 cm long bare fused-silica capillary (Polymicro
Technologies, Phoenix, AZ, USA) with an inner diameter (id) of
50 pm and 365 pm outer diameters (od). 1 M formic acid was
chosen as background electrolyte (BGE).

1.

-

Capillary (before connecting to the MS) was flushed with
0.1 M NaOH overnight, in order to gain high EOF to opti-
mize separations. Additionally, the capillary was also flushed
overnight with water and BGE, for 10 min each.

Due to preconditioning, 30 V/cm were off-line applied on the
column for 30 min.

Samples were injected by pressure injection (5 s, 2 psi).
Chosen voltage to perform separations was 30 V/cm.

50% v /v methanol with 0.1 % v /v formic acid I water was used
as sheath liquid, with a flow rate of 1 pL/min performed by
the syringe pump.
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6. The capillary was flushed with 0.1 M NaOH and BGE for
2 min (50 psi) between each run.

7. MS conditions are as follows: positive ionization mode (ESI+);
scan range 190-500 m/z (BAMP) and 200-500 /2 (HAMP)
with 1 scan/s.

8. Parameters of the ion source, as well as parameters as sheath
flow rate, ESI sensitivity, and stability, were optimized using
electrokinetic pumping (potential of 300 V /cm, 2 psi).

9. Optimized parameters are as follows: ion spray voltage 4800 V;
curtain gas 30; ion source gas 1, 40; ion source 2, 0; decluster-
ing potential 50 V; focusing potential 220 V; declustering
potential 2, 10 V.

10. MS/MS experiments were done by CID; collision energy was
40 eV and collision gas was 5.

11. Data acquisition and processing were performed using Analyst
software (Applied Biosystems/MSD SCIEX).
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Fig. 2 Basepeak chromatogram of CE-ESI-MS analysis of BAMP (a) and HAMP (b) derivatives of carboxylic
acids in the pooled rat urine sample. Peak numbers are listed in Table 13. Presented with permission of John

Wiley and Sons
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Table 13
Identified peaks of the base peak chromatogram in Fig. 2
BAMP HAMP Identification®
Int.? Int.?

Peak Tr (min) m/z (%)  Tr(min) m/z (%) Mr Compound

1 11.81 235.19(+1) 1.11 12.7 264.21(+1) 0.78 8821 U

1 11.81 320.46(+1) 0.71 12.7 34847(+1) 0.5 173.17 N-Acetylleucine (R)

2 13.67 299.37(+1) 049 14.52 327.42(+1) 0.35 152.12 U

B 13.76 313.35(+1) 0.88 14.72 341.39(+1) 0.63 166.09 U

4 14.99 204.78(+3) 0.88 16.5 232.79(+3) 0.63 17247 U

4 14.99 254.35(+1) 0.88 16.5 282.36(+1) 0.63 107.06 U

4 1499 303.30(+1) 1.28 16.5 331.33(+ 1) 091 156.03 Furan-2,5-dicarboxylic acid,
mono- (R)

4 1499 278.40(+2) 399 165 306.87(+2) 2.83 263.14 U

5 15.08 270.33(+1) 0.88 16.8 298.33(+1) 0.63 123.03 Nicotinic acid (S)

6 152 213.37(+2) 0.8 17 241.38(+2) 0.56 132.16 Oxaloacetic acid, di- (S)

6 15.22 211.35(+1) 0.26 17.08 239.37(+1) 0.18 64.07 U

7 15.38 191.31(+1) 3.98 17.22 219.35(+1) 2.82 44.05 U

7 15.38 299.37(+1) 4.86 17.23 327.32(+1) 3.45 152.02 U

7 1545 274.32(+1) 146 174  30240(+1) 1.03 127.1 &-Piperideine-6-L-
carboxylate 6-piperideine-
2-carboxylate (L)

8 16.25 192.36(+ 0.32 18.08 220.40(+ 0.66 90.2  Oxalic acid (S)

(
16.27  203.84(+
9 16.68  206.36(+
10 17.05 234.34(+
(
(
(
(

2
2) 048 18.08 231.87(+
2
2
10 17.04 214.37(+ 2
2
2
2

) (

) (

) 2.37 1848 234.37(+
) 4.87 18.82 262.34(+
) (
) (
) (
) (

2
2) 034 11314 U
2
2
0.38 18.92 242.39(+2
2
2
2

)
)
) 1.68 118.14 Succinic acid, di- (S)

) 3.45 174.08 Citric acid, di-, -H,O (S)

) 0.27 134.18 Maleic acid, di- (S)

) 0.19 146.16 o-Ketoglutaric acid, di- (S)
) 1.01 174.12 Isocitric acid, di-, -H,O (S)
)

094 156.1 Furan-2,5-dicarboxylic acid,
di- (R)

11 17.3  255.25(+2) 1.16 19.34 283.25(+2) 0.82 2159 5-Oxopent-3-ene-1,2,5-
tricarboxylate
5-Carboxymethyl-2-
hydroxymuconate H,O L)

) 0.54 24512 U

) 1.12 207.16 Methylcitric acid, di- (S)
) 0.31 146.16 Adipic acid, di- (S)

) 0.78 60.01 U
)

)

)

11 17.27  220.38(+
11 17.27  234.34(+
11 17.27 225.37(+

0.27 19.09 248.38(+
1.6 19.14 262.36(+
1.33 19.17 253.35(+

12 17.75 269.85(+2) 0.76 19.45 297.86(+2
13 18.05 250.84(+2) 1.59 19.76 278.88(+2
13 18.07 220.57(+2) 044 19.8 248.38(+ 2
13 18.1 207,38(+1) 1.11 19.84 235.31(+1
13 18.1 243.33(+2) 5.13 19.92 271.32(+2
14 18.28 234.33(+2) 0.8 20.23  262.36(+ 2

(+2) (+2

14 18.3  257.39(+ 0.35 20.52 28540

3.64 192.08 Citric acid, di- (S)
0.57 174.12 Subehc acid, di- (S)

0.25 220.02 3-Hydroxy-3-
(carboxymethyl)-adipic
acid, di- (R)

(continued)
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Table 13
(continued)
BAMP HAMP Identification®
Int.2 Int.

Peak Tr (min) m/z (%)  Tr(min) m/z (%) Mr Compound

14 18.32 243.35(+2) 0.71 20.58 271.34(+2) 0 192.08 Isocitric acid, di- (S)

14 18.37 220.39(+2) 0.42 20.59 248.37(+2) 0.29 146.16 3-Methylglutaric acid, di- (S)

15 18.7  193.31(+1) 5.77 20.88 221.32(+1) 4.09 46.02 Formic acid ()

16 19.55 208.31(+1) 4.32 21.72 236.32(+1) 3.06 61.02 Carbonic acid (S)

17 20.27 221.37(+1) 027 22.3 249.37(+1) 0.19 74.07 Glyoxylic acid (S)

17 20.18 207.31(+1) 4.43 22.33 235.33(+1) 3.14 60.03 Acetic acid (S)

18 20.45 247.32(+1) 3.07 22.83 275.33(+1) 2.17 Artifact*

19 21 221.37(+1) 1.26 23.15 249.38(+1) 0.89 74.08 Propionic acid, (S)

20 21.5 261.33(+1) 046 23.64 289.36(+1) 0.32 114.06 2-Hydroxy-2,4-
pentadienoate cis-2-
hydroxypenta-2,4-dienoate
cis-acetylacrylate (L)

20 21.53 235.37(+1) 057 23.64 263.37(+1) 04 88.07 Pyruvic acid (S)

21 21.65 236.36(+1) 046 23.81 264.38(+1) 0.33 89.08 Oxamic acid, (S)

21 21.75 235.37(+1) 1.77 239  263.37(+1) 1.25 88.07 Butyric acid, isobutyric acid
(S)

21 21.75 237.34(+1) 2.78 2392 265.35(+1) 1.97 90.05 Lactic acid (S)

22 2198 295.30(+1) 2.18 24.17 323.34(+1) 1.54 148.04 O-Methylmalic acid,
mono- (R)

22 221  264.33(+1) 122 2426 292.36(+1) 086 117.06 3-Nitroacrylate (L)

23 2223 269.34(+1) 797 244  297.32(+1) 5.65 122.02 Benzoic acid (S)

23 2255 273.36(+1) 1.14 2447 301.36(+1) 0.81 126.06 5-Methylfuran-2-carboxylic
acid (R)

23 22.58 287.36(+1) 1.06 24.79 315.34(+1) 0.75 140.04 2-Hydroxy-2-ethylsuccinic
acid, mono- (R)

24 22.68 283.31(+1) 2.37 24.82 311.39(+1) 1.68 136.09 Phenylacetic acid (S)

25 2298 263.39(+1) 09 25.07 29141(+1) 0.63 116.01 3-Methyl-2-oxobutanoic
acid

Hexylic acid
3-Oxopentanoic acid
2-Oxopentanoic acid (L)

25 2298 297.36(+1) 1.01 25.08 32541(+1) 0.72 150.11 3-Phenyl-propionic acid (S)

26 2348 322.35(+1) 1.34 25.6 350.39(+1) 095 175.09 3-Indoleacetic acid (S)

26 23.57 299.35(+1) 0.6 25.68 327.40(+1) 043 152.1 o-Hydroxyphenylacetic acid
(S)

27 23.67 313.35(+1) 2.89 25.78 341.38(+1) 2.04 166.08 4-Hydroxyphenylhydracrylic
acid (R)

28 23.88 323.36(+1) 0.73 26.1 351.38(+1) 0.52 176.08 5,6,7,8-Tetrahydro-2-
naphthoic acid (L)

29 24.05 321.32(+1) 044 262 349.34(+1) 0.31 174.04 Suberic acid, mono- (S)

(continued)
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Table 13
(continued)
BAMP HAMP Identification®
Int.2 Int.2
Peak Tr (min) m/z (%)  Tr(min) m/z (%) Mr Compound

30 2419 34836(+1) 053 2631 376.38(+1) 0.37 201.08 U
30 2422 32637(+1) 0.84 2638 354.37(+1) 0.59 179.07 Hippuric acid, (S)

31 24.37 340.37(+1) 2.17 26.53 368.37(+1) 1.54 193.07 5,6-Dihydroxyindole-2-
carboxylate
Phenylacetylglycine
D-Dopachrome (L)

32 2487 379.36(+1) 123 27 407.38(+ 1) 0.87 232.08 Nalidixic acid (S)

Table contains retention time (Tr/min), m/zand intensity (%) of each BAMP and HAMP derivatives of signals includ-

ing identification of carboxylic acids. (S)=confirmation of identification by standards, (L)=molecular mass matching

from http://www.genome.ad.jp/kegg/ligand.html; release date: June 12, 2006 by Kyoto University, Japan); (U)=not

identified carboxylic acids; (R)=found in literature. Presented with permission of John Wiley and Sons

*Normalization was performed by normalizing the individual peak intensity to the highest peak intensity of all peaks
shown in the table.

®Molecular weight was calculated from the m/z of a derivative and the mass of the tag. U = unidentified carboxylic acid;
L = identification based on molecular mass matching from the ligand database; R = compound was also found in the
literature; S = Confirmation by standard identification.

¢This ion was found in the standard chromatogram, but it was not represented in any carboxylic acid standard.Therrfore,
it was treated as artifact.

223 DataAnalysis The developed CE-MS method was first tested on a standard solu-
tion of 24 carboxylic acids derivatives of BAMP and HAMP. To
investigate the applicability of the developed method on biological
samples, the pooled rat urine samples were measured also by
CE-MS as described in Subheading 2.2.2. The resulting base peak
chromatogram is presented in Fig. 2.

Most of the peaks in the base peak chromatogram could be
assigned to either BAMP and HAMP derivatives of carboxylic
acids (Table 13). For the identification of carboxylic acids, it
was assumed that compounds are double charged (double-
derivatized molecules) or triple charged (triple-derivatized
molecules). Molecular mass of the derivatizing reagent was
subtracted from ions found in the spectra to calculate the origi-
nal molecular mass and was afterwards searched against the
LIGAND database (http://www.genome.ad.jp/kegg/ligand.
html). Compounds without a carboxylic function were
excluded. At the end 59 compounds were selected as potential
derivative candidates; 32 out of them could be assigned to
standards (S in Table 13) which were used in the standard solu-
tion. To conclude this developed method is highly suitable for
carboxylic acid analysis in biological samples due to derivatiza-
tion by BAMP and HAMP.
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Capillary Electrophoresis in Food and Foodomics

Clara Ibaiez, Tanize Acunha, Alberto Valdés, Virginia Garcia-Caiias,
Alejandro Cifuentes, and Carolina Simd

Abstract

Quality and safety assessment as well as the evaluation of other nutritional and functional properties of
foods imply the use of robust, efficient, sensitive, and cost-effective analytical methodologies. Among ana-
lytical technologies used in the fields of food analysis and foodomics, capillary electrophoresis (CE) has
generated great interest for the analyses of a large number of compounds due to its high separation effi-
ciency, extremely small sample and reagent requirements, and rapid analysis. The introductory section of
this chapter provides an overview of the recent applications of capillary electrophoresis (CE) in food analy-
sis and foodomics. Relevant reviews and research articles on these topics are tabulated including papers
published in the period 2011-2014. In addition, to illustrate the great capabilities of CE in foodomics the
chapter describes the main experimental points to be taken into consideration for a metabolomic study of
the antiproliferative effect of carnosic acid (a natural diterpene found in rosemary) against HT-29 human
colon cancer cells.

Key words Capillary electrophoresis, CE-MS, Food bioactivity, Food safety, Food traceability,
Foodomics, Food quality, Metabolomics

1 Introduction

Food safety assessment and food quality control are major con-
cerns of modern society. There is also a growing interest to
improve health and general well-being of consumers through diet
beyond the provision of the basic nutritional requirements. In this
sense, regulatory authorities are requiring fully substantiated
health claims linked to the so-called functional foods. Analysis of
exogenous compounds (agrochemicals, environmental contami-
nants, veterinary drugs, etc.) is also a major concern in food safety.
Apart from the negative impact on human health, food contami-
nation has also major economic costs. Quality and safety assess-
ment as well as the evaluation of other nutritional and functional
properties of foods imply the use of robust, efficient, sensitive, and
cost-effective analytical methodologies.

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_22, © Springer Science+Business Media New York 2016

471



472

Clara Ibéafiez et al.

Foods are very complex matrices; moreover, many food
components undergo numerous reactions in the course of food
processing and storage. Hence, the use of advanced analytical
instrumentation for food analysis is needed. Comparison of dif-
ferent analytical platforms employed in food analysis has been
described before [1-6]. Among them, capillary electrophoresis
(CE) is a versatile technique that has generated great interest
due to its high separation efficiency, extremely small sample and
reagent requirements, and rapid analysis. CE has demonstrated
to be a very useful and complementary analytical tool, especially
when (highly) polar and charged metabolites are analyzed and
sample volume is limited. Targeted analysis is currently carried
out for quality and safety assessments, involving a combination
of procedures of sample preparation and the subsequent CE
analysis of a given number of compounds (DNA, proteins, small
molecules) from a complex mixture [7-9]. As an alternative
strategy to target analysis, the development and use of profiling
technologies present the potential to improve the number of
analytes that can be assessed simultaneously in a single analysis.
In this context, foodomics, defined as a new discipline that stud-
ies the food and nutrition domains through the application and
integration of advanced omics technologies in order to improve
consumers’ well-being and confidence [3,7, 10], can be regarded
as a useful analytical approach in food science and nutrition
research. As it has been shown in various published reports, the
use of CE in foodomics offers enormous opportunities to obtain
valuable detailed information that can be directly correlated to
food quality, safety, and other features related to food process-
ing, storage, authenticity assessment, etc. The main applications
of CE in food analysis and foodomics in the period 2011-2014
are presented in this work. Recent results on food quality and
safety, nutritional value, storage, bioactivity, as well as applica-
tions of CE for monitoring food interactions and food process-
ing have been reviewed. These applications regarding the analysis
of foods and food components using capillary electromigration
methods are tabulated (see Table 1).

Since the introduction of foodomics, capillary electrophoresis-
mass spectrometry (CE-MS) has found great application in the
study of the health effects of food ingredients, e.g., on the prolit-
eration of various cancer cells, where CE-MS has demonstrated to
be as valuable as other high-performance analytical techniques
[148-153]. Next, the experimental and methodological descrip-
tion on the use of CE-MS for metabolomics is provided in detail.
In this study CE-MS is used to investigate the changes induced in
the metabolite fingerprinting of human colon cancer cells (i.e.,
HT-29 cells) after the treatment with a bioactive compound with
antiproliferative activity and potential use as functional food ingre-
dient. Time-of-flight (TOF) mass analyzer is used for the CE-MS
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coupling due to its high scan speed and high mass resolution and
accuracy, what perfectly fits with the narrow and fast peaks pro-
vided by CE and the needs of a metabolomic study.

2 Materials

2.1 Reagents

2.1.1 Reagents
for Sample Preparation

2.1.2 Reagents
for CE-ESI-TOF MS
Analysis

2.1.3 Preparation
of Solutions

. Human colon adenocarcinoma HT-29 cell line (American

Type Culture Collection, LGC Promochem, UK).

. Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO,

USA).

. McCoy’s 5A cell culture media (Lonza, Barcelona, Spain).

. Penicillin-streptomycin mixture (5000 IU/mL penicillin G,

5 mg/mL streptomycin) (Lonza).

. Heat-inactivated fetal calf serum (Biowest, Nuaillé, France).

6. Carnosic acid as pure standard (Sigma-Aldrich).

10.

11.

12.

(S 2 WY~ S T NS Ty

. Phosphate-buffered saline (PBS) solution: 138 mM Sodium

chloride, 2.7 mM potassium chloride, and 10 mM sodium
hydrogen phosphate, at pH 7.4 (Lonza).

. Trypsin-Versene (Lonza).
. Trypan blue (0.4%, w/v) 0.81% sodium chloride, 0.06%

potassium phosphate (Sigma-Aldrich).

Liquid nitrogen (Carburos Metalicos-Air Products Group,
Barcelona, Spain).

Metabolite internal standards (IDs): Tyramine, DL-methionine
sulfone (Sigma-Aldrich).

Water from Milli-Q system (Millipore, Bedford, MA, USA).

. MS-grade water (Scharlau, Barcelona, Spain).

. MS-grade formic acid (Sigma-Aldrich).

. MS-grade 2-propanol (Labscan, Gliwice, Poland).

. Sodium hydroxide (NaOH) (Panreac, Barcelona, Spain).

. Metabolite commercial standards (Sigma-Aldrich) for quality con-

trol (QC) mixture: Spermine, spermidine, putrescine, cadaverine,
N-acetylspermine, ornithine, lysine, arginine, S-adenosyl-
methionine, adenine, tyramine, N-acetyl-putrescine, S-adenosyl-
homocysteine, homocysteine, cysteine, N-acetyl-ornithine,
cytidine, methionine, adenosine,  methyl-thio-adenosine,
DL-methionine sulfone, glutathione, oxidized glutathione.

. Culture media solution: Add 50 mL heat-inactivated fetal calf

serum and 5 mL penicillin-streptomycin mixture to 450 mL
McCoy’s 5A media in a cell culture flask.



2.2 Consumables
and Equipment

2.2.1 Consumables
and Equipment for Sample
Preparation

o

gl W

O 0 N O

12.
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. Carnosic acid (CA) (100 mM): Dissolve CA in DMSO to

obtain a final concentration of 33.22 (mg/mL) (see Note 1).

. Metabolite extraction solvent with IDs at 125 pM concentra-

tion: Prepare 0.91 mg/mL tyramine and 0.62 mg/mL DL-
methionine sulfone solution in Milli-Q water.

. QC mixture: Mix 56 pL. MS-grade water and 2 pL 5 mM solu-

tions of putrescine, cadaverine, N-acetylspermine, ornithine,
lysine, arginine, S-adenosyl-methionine, adenine, tyramine,
N-acetyl-putrescine, S-adenosyl-homocysteine, cysteine, N-
acetyl-ornithine, cytidine, methionine, adenosine, methyl-
thio-adenosine, and DL-methionine sulfone. Finally add 4 pL
2.5 mM solutions of glutathione, oxidized glutathione, sperm-
ine, spermidine, and homocysteine.

. Sodium hydroxide (1 M): Dissolve 4 g of sodium hydroxide in

95 mL of Milli-Q water. Then reach a final volume of 100 mL
using a volumetric flask.

. Sodium hydroxide (0.1 M): Dilute 1 mL 1 M NaOH in 9 mL

Milli-Q water

. Sodium formate (10 mM) for MS calibration: Mix 200 pL 1 M

NaOH and 39.8 pL formic acid and make up volume to 10 mL
with 2-propanol:water (50:50, v/v).

. Formic acid (3 M): Mix 200 mL MS-grade water with

11.31 mL formic acid in a volumetric flask and reach a final
volume of 250 mL with water.

. Sheath liquid (2-propanol-water (50:50, v/v): Mix 5 mL of

MS-grade 2-propanol with 5 mL. MS-grade water.

. Light microscope (ID3, Carl Zeiss, Jena, Germany).

. Tissue culture flasks 100 mL volume (Sarstedt, Barcelona,

Spain).

. P150 tissue culture plates (Sarstedt).
. Neubauer counting chamber (Brand, Wertheim, Germany).

. Vortex (JP Selecta, Barcelona, Spain) to prepare commercial

standard solutions.

. Rotina 380R centrifuge (Hettich, MA, USA).
. Ultrasonic bath (JP Selecta, Barcelona, Spain).
. Ball mill MM 400 (Retsch, Haan, Germany).

. Glass beads (212-300 pm) (Sigma-Aldrich).
10.
. PTFE adapter rack for ten reaction vials 1.5 and 2.0 mL (Ref:

2 mL Microcentrifuge screw tubes.

22.008.0008) (Retsch).

Amicon Ultra 3 kDa 0.5 mL centrifugal devices from Millipore
(Billerica).
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2.2.2 Consumables
and Equipment for CE-ESI-
TOF MS Analysis

2.2.3 Software
and Bioinformatic Tools

. Uncoated fused silica capillary (80 ¢cm length, 50 pm i.d.)

(Composite Metal Services, Worcester, England).

. High-performance capillary electrophoresis (CE) system model

P/ACE 5500 (Beckman, Fullerton, CA, USA) controlled by a
PC equipped with System Gold software (Beckman).

. TOF MS instrument (micrOTOF model) (Bruker Daltonics,

Bremen, Germany).

. Cole Palmer syringe pump (model 74900-00-05) (Vernon

Hills, IL, USA).

. Glass syringe (2.5 mL volume) (SGE, Milton Keynes, UK).

6. Orthogonal electrospray ionization (ESI) interface (model

G1607A) (Agilent Technologies, Palo Alto, CA, USA).

. DataAnalysis 4.0 software (Bruker Daltoniks).
. Data file format converter: Trapper (free available at http://tools.

proteomecenter.org,/wiki/index.php?title=Software:trapper).

. Free access databases used for identification [155-157].
4. Software for statistical analysis: STATISTICA v.7 (Statsoft,

Tulsa, OK, USA).

3 Methods

3.1 Cell Culture
Preparation Protocol

3.2 Obtainment
of Ten Million Cells
from Cell Culture
Dishes

. Grow colon adenocarcinoma HT-29 cells in 10 mL culture

media inside a culture flask at 37 °C in humidified atmosphere
and 5% CO,.

. When cells reach ~50% confluence (cells fill ~50% flask), dis-

card culture media and place cells in a 15 mL Falcon tube with
4 mL trypsin and 4 mL cell culture media solution.

. Centrifuge at 500 x g for 3 min, discard the supernatant, and

suspend the cell pellet in 4 mL culture media solution.

. Seed cells at 10,000 cells/cm? onto six independent P150 tissue

culture dishes: Take 0.5 mL cell suspension, add 19.5 mL cell
culture media, and incubate overnight at 37 °C (se¢ Note 2).

. Add 5.96 pL. 100 mM CA solution to three of the culture

dishes to obtain 9.9 pg/mL final concentration of CA in the

cell plates and incubate all six cell cultures (CA-treated and
non-treated) for 48 h at 37 °C.

. Aspire growth medium from culture plates, add 2 mL trypsin

solution, and rapidly aspire it.

. Dispense 5 mL trypsin solution covering the monolayer of

cells and incubate cells at 37 °C for 15 min.


http://tools.proteomecenter.org/wiki/index.php?title=Software:trapper
http://tools.proteomecenter.org/wiki/index.php?title=Software:trapper

3.3 Metabolite
Extraction Procedure
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. Transfer cells suspended in trypsin to 15 mL Falcon tubes. Add

3 mL trypsin more to culture dish to collect maximum number
of cells and transfer these 3 mL to the same 15 mL Falcon tube
(see Note 3).

. Centrifuge at 300 x g for 5 min, discard the supernatants, and

add 1 mL PBS to each pellet (2=06) to suspend the cells (see
Note 4).

. Cell counting: Dilute 5 pL of cell suspension (obtained in the

previous step) in 15 pLL PBS and add 20 pL trypan blue com-
mercial solution. Mix well by gentle pipetting within the pellet
using a micropipette and place the suspension on Neubauer
counting chamber. Count the cells in the central square and in
the four squares at the corners using a light microscope. Count
separately viable (opaque) and nonviable (blue-stained) cells
(see Note 5). Repeat this procedure to obtain the average
number of cells from at least three different squares of
Neubauer chamber (see Note 6) and calculate the number of
cells/mL and the volume of cell suspension to have 10x10°
cells (see Note 7).

. Transfer the volume required to have 10x 10° cells from the

PBS cell suspension previously obtained (Subheading 3.2, step
4) to 2 mL microcentrifuge screw tubes to obtain six indepen-
dent tubes (three non-treated and three CA-treated cells) con-
taining 10 x 10° cells each.

. Centrifuge for 10 min at 500 x g to obtain the cell pellets con-

taining 10 x 10° cells.

. Add 0.3 g glass beads and 300 pL metabolite extraction sol-

vent containing the IDs to each screw tube (7=0).

. Perform three cycles of metabolite quenching and cell disrup-

tion applying the three following steps: First submerge a rack
with the six cell suspension tubes in liquid nitrogen (se¢ Note
8) for 3 min. Then carefully take the rack with the tubes and
thaw on ultrasonic bath at 50 Hz for 5 min. The third step
consists of placing the tubes inside the PTFE adapter racks and
applying 30 Hz frequency for 3 min using a ball mill. Repeat
three times these steps.

. Centrifuge the tubes at 24,000 x 4 for 10 min at 4 °C.
4. Filter 200 pL supernatant (cellular content) from each tube by

using 3 kDa molecular weight filters programming the centri-
fuge at 14,000 x g for 40 min at 20 °C.

. Store fraction less than 3 kDa (metabolic fraction) in screw

tubes at —80 °C until CE-MS analysis.
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3.4 CE-ESI-TOF MS
Methodology

. Condition all new capillaries by flushing with 0.1 M NaOH for
20 min, followed by MS-grade water for 20 min and background
electrolyte (BGE) (3 M formic acid) for 5 min (se¢ Note 9).

. Introduce the capillary through the interface (ESI) and set the
sheath-flow configuration to establish the electrical contact at
the ESI tip. Program 0.24 mL/min sheath liquid flow rate in
the syringe pump menu.

. Create an analysis method with the following CE-TOF MS
parameters: CE voltage set at +27 kV, CE temperature at
25 °C, positive ionization mode MS, MS capillary voltage set
at 4 kV, acquisition m/z range from 50 to 600 m/z, dry nitro-
gen gas heated at 200 °C delivered at 4 I /min and maintained
at 0.4 bar.

. Perform TOF MS external calibration by introducing 10 mM
sodium formate before each injection. For internal calibration
record signal obtained using the same solution at the end of
each sample file for 2 min. Jons used for calibration are
90.9766, 158.9641, 226.9515, 294.9389, 362.9263,
430.9138,498.9012, and 566.8886 m/z (Fig. 1).
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Fig. 1 CE-ESI-TOF MS base peak electropherograms (BPE) of the cytosolic fraction from (a) control HT-29
colon cancer cells and (b) treated with carnosic acid. Calibrant acquisition is framed at the end of the two
electropherograms using a dashed line rectangle. (¢) An example of MS spectra from the framed area showing
the experimental clusters used for calibration
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. Inject the sample for 80 s at 0.5 psi (34.5 mbar) and apply the

CE-MS method described above. Obtain the metabolic pro-
files of control and CA-treated cells (Fig. 1).

. Inject each sample to obtain three CE-MS replicates. Check

the suitability of the results using DataAnalysis 4.0 software.

. Each three injections change BGE vial and inject QC mixture

(Fig. 2).

. After each injection and the subsequent external calibration,

condition the capillary for 5 min with BGE.

. Use DataAnalysis 4.0 software to check the suitability of your

data by extracting known ions such as internal standards and
ions from the QC (Fig. 2) to calculate deviation intra and
inter day.

. Export “.d” CE-MS data to the MS exchange format

“mzXML” using Trapper bioinformatic tool. Select the path-
ways where sample data files are stored in the PC, select “peak

1
| f\ |

: N \ \ "ﬂb\_ e
e
'.' ni ||| JT' il afl

_ IU\ Ll M :

Fig. 2 CE-ESI-TOF MS base peak chromatogram (BPE) of quality control mixture and extracted ion chromatograms
(EIE) of the 23 metabolite standards: 1, spermine; 2, spermidine; 3, putrescine; 4, cadaverine; 5, N-acetyl-spermine;
6, ornithine; 7, lysine; 8, arginine; 9, S-adenosyl-methionine; 10, adenine; 11, tyramine; 12, N-acetyl-putrescine;
13, S-adenosyl-homocysteine; 14, homocysteine; 15, cysteine; 16, N-acetyl-ornithine; 17, cytidine; 18, methionine;
19, adenosine; 20, methyl-thio-adenosine; 21, ethionine sulfone; 22, oxidized glutathione; 23, glutathione
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3.6 Identification
of Potential
Biomarkers

picking” option to centroid your data, and click start to begin
with the conversion.

. Process exported centroided mzXML data with MZmine pro-

gram (see Note 10). Set the threshold of electropherograms
(see Note 11). Use wavelet transform algorithm to detect the
masses with a wavelet window size set at 50% and normalize
migration time between replicates setting minimum standard
intensity at 5x 10* a.u.. For deconvolution use “baselina cut-
off” algorithm setting the minimum peak height at 3x 102 a.u.
Then align the replicates and samples applying the “Join
aligner” algorithm with /z tolerance set at 0.01 and weight
for m/z set at 90. Finally perform adduct and complex search
within your detected peaks and export the resulting data table
to csv format.

. Import the csv table in Excel and remove the metabolic signals

showing high variability within the same group of samples
(i.e., control and treated cells) from CE-MS data set. Transpose
the data table to get samples arranged in rows and high-confi-
dent metabolic signals in columns.

. Open the transposed data table using STATISTICA program.

6. Inspect your data variability by means of principal component

analysis (PCA). If necessary remove high-variable metabolic
signals and /or outlier samples.

. Detect significantly different molecular features due to CA

treatment applying an analysis of variance method (i.e.,
ANOVA, #test, Kruskal-Wallis) and setting p-value at 0.05.

. Match the experimental m/z value of the metabolites show-

ing significant differences (p<0.05) with m/z values con-
tained in different databases: Human Metabolome Database,
METLIN, and KEGG, with a mass accuracy window of
10 ppm (Table 2).

. Use Generate-Molecular Formula editor (DataAnalysis 4.0) to

compare the isotopic pattern of the theoretical formulas
obtained from the databases with the experimental isotopic
pattern of each of the metabolites differentially expressed.

. Inject metabolite standards to corroborate tentative identifica-

tions, in the same analytical conditions and spiked (if possible)
in cell culture samples (see Note 12).

. Associate metabolite expression (up or down expression) to

CA treatment and study the most affected cellular pathways
(Fig. 3).
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Fig. 3 Main pathways within HT29 metabolome altered after the CA treatment. CA brings about modifications
on polyamine pathway (a) by the down-expression of N-acetylputrescine, methyl-thio-adenosine, and
y-aminobutyric acid. CA also alters glutathione metabolism (b) by a down-expression of oxidized glutathione
that gives rise to increased levels of reduced glutathione and cysteinyl-glycine. Down- and up-expressed
metabolites are marked with red and green arrows, respectively. Whisker plots of average metabolite areas
(=SD) in control- (c) and carnosic acid-treated (CA) cells are also shown for significantly different metabolites
involved in A and B pathways. Enzymes involved in polyamine pathway are ornithine decarboxylase (1), sper-
midine synthase (2), spermine synthase (3), acetyl-CoA: spermidine/spermine N 1-acetyltransferase (4), poly-
amine oxidase (5), spermidine N 8-acetyltransferase (6), amine oxidase plus aldehyde dehydrogenase (7),
S-adenosylmethionine decarboxylase (8)

4 Notes

1. CA molecule is easily degradable and photosensitive. For this
reason avoid light and high temperature when preparing CA
solution. Divide the resulting solution in several aliquots and
store them at -80 °C.

2. Volume of 0.5 mL cell suspension is estimated with the micro-
scope to obtain a final density of cells up to 10,000 cells/cm?.
Thus, this volume has to be estimated in each study.

3. A final volume of 8 mL trypsin is added to the culture dish to
collect cells and can be added in one step before incubation
(Subheading 3.2). However to divide trypsin addition in two
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steps (add 5 mL trypsin, then incubate, and add 3 mL trypsin)
is more advisable to obtain the maximum recovery of cells
from the culture dish.

. PBS volume is estimated in order to obtain a 10x10° cell
suspension.
. In order to follow a routine on how to count the cells, it is

important to establish a procedure to not count more than one
time each cell. To do so, one possibility is to count the cells
touching the midline of the triple line, on the top and left of
each square (of the Neubauer chamber). Do not count cells
touching the midline of the triple line, on the bottom or right
side of the square.

. The total count of cells must be around 100. If not, adjust the

dilution of cell suspension by modifying PBS volume. It is
important to note that a half of the total volume of the final
solution to count cells has to consist of trypan blue (commer-
cially available at 0.4%). Namely 0.2% final trypan blue con-
centration is necessary to count cells.

. The formulas for calculation are the following ones:

Cells/mL =average number of cell counted x 104 x dilution
factor [8] (dilution factor can change depending on the result
obtained from cell counting (see Note 2).

Total cells=cells/mL x vol. of original suspension.

Another relevant parameter it for example proliferation
under given conditions is under scrutiny is the viability of cells
described below:

% Viability = (number of viable cells counted /total number
of cells counted) x 100.

. Liquid nitrogen must be carefully used because contact may

produce burns. Always use security glasses and gloves to work
with it. The use of a rack or container with a handle or hand-
grip is recommended to submerge the tubes.

. Low-pH BGE promotes positive charge of analytes and is rec-

ommended to avoid analyte adsorption onto the inner capil-
lary wall.

Every parameter in data processing must be carefully opti-
mized for each experiment and instrument. MZmine has the
advantage to present a very visual interface which is very rec-
ommendable for CE-MS data processing due to higher migra-
tion time deviations compared to LC- or GC-MS and moreover
data processing experience is not necessary to visually check
the results.

There are many ways to estimate the minimum intensity from
which peaks are detected in data process. One of the most
common estimations of the threshold is to divide the lower
signal intensity (low-abundant species) by 3.
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12. Migration time or intensity of standards could be different
from the values obtained in the samples if standards are injected
alone. Salts, viscosity, and other matrix properties contribute
to migration time and intensity values of metabolites.
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Chapter 23

Capillary Electrophoresis in Wine Science

Christian Coelho, Franck Bagala, Régis D. Gougeon,
and Philippe Schmitt-Kopplin

Abstract

Capillary electrophoresis appeared to be a powerful and reliable technique to analyze the diversity of wine
compounds. Wine presents a great variety of natural chemicals coming from the grape berry extraction and
the fermentation processes. The first and more abundant after water, ethanol has been quantified in wines
via capillary electrophoresis. Other families like organic acids, neutral and acid sugars, polyphenols, amines,
thiols, vitamins, and soluble proteins are electrophoretically separated from the complex matrix.

Here, we will focus on the different methodologies that have been employed to conduct properly
capillary electrophoresis in wine analysis.

Two examples informing on wine chemistry obtained by capillary electrophoresis will be detailed.
They concern polyphenol analysis and protein profiling. The first category is a well-developed quantitative
approach important for the quality and the antioxidant properties conferred to wine. The second aspect
involves more research aspects dealing with microbiota infections in the vineyard or in the grape as well as
enological practices.

Key words Capillary electrophoresis, Wine compounds, Polyphenols, Proteins, Sulfur compounds

1 Introduction

Numerous applications of capillary electrophoresis have grown
since its first introduction in 1981 by Jorgenson and Lukacs [1].
They concern a variety of fields like pharmaceutical, food, or bio-
logical sciences requiring powerful and reliable analyses in complex
matrices. Among them, wine presents a great variety of aromatic
and nonvolatile compounds mixed within a highly diverse—yet
partly unknown—oligomeric and macromolecular pool made of
polysaccharides, proteins, and condensed tannins. Such diversity
has been revealed with electrophoresis techniques involving con-
ductimetric, amperometric, and photometric detection in the last
two decades. Table 1 provides a non-exhaustive classification of the
various wine compounds that have been separated by capillary
electrophoresis with their analytical conditions including electrolyte

Philippe Schmitt-Kopplin (ed.), Capillary Electrophoresis: Methods and Protocols, Methods in Molecular Biology, vol. 1483,
DOI 10.1007/978-1-4939-6403-1_23, © Springer Science+Business Media New York 2016
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1.1 Background
Electrolyte
Compositions

1.2 Detection
of Wine Compounds

composition and pH, capillary parameters, injection/detection
modes, and limit of detection of each molecules.

Wine is a subtle matrix due to its direct acidic and ethanolic
constitution. Low pH requires the use of alkaline buffer to facili-
tate the migration of phenolic type of wine constituents except
strong organic acids. The presence of ethanol directly affects the
viscosity of the electrolyte inside the capillary and modifies the
electroosmotic flow of wine compounds facilitating the migration
and improving analyte solubility [2]. However such organic modi-
fication of the electrolyte by ethanol renders unique the analysis of
wine constituents not necessarily applicable to non-ethanolic sam-
ples like must, for instance.

Phosphate or borate bufters with appropriated ionic strength and pH
are mostly used electrolytes to separate a large class of wine com-
pounds: flavonoids and non-flavonoids, amines, polypeptides, neutral
sugars, vitamins, and cofactors. Wine polypeptides and soluble pro-
teins have also been separated with tris(hydroxymethyl)aminoethane.

For the separation of acid sugars and organic acids, B-resorcylic
acid, 2-(N-morpholino) ethanesulfonic acid, and dinitrobenzoic
acid appeared to be good background electrolytes. However, addi-
tional organic flow modifiers, acting as cationic surfactant (tetradec-
yltrimethylammonium hydroxide, tetradecyltrimethylammonium
bromide, or cetyltrimethylammonium bromide), have to be added
to the buffer in order to reverse the electroosmotic flow and facili-
tate the separation of wine analytes.

Alternative methods also used other organic modifiers, such as
methanol or acetonitrile, in order to alter the relative order of sol-
ute migration or selectivity [3-5].

Other electrophoretic methodologies were based on sodium
dodecyl sulfate for the preparation of the electrolyte [6-9]. In this
case, sodium dodecyl sulfate was used above its critical micellar con-
centration in order to build spherical micelles with the negatively
charged sulfate groups pointing at the surface, thus providing addi-
tional partition between the pseudo-stationary phase and the elec-
trolyte buffer for wine compounds. Such micellar electrokinetic
chromatography clearly exhibited enhanced selectivity [6, 7, 10].

Wine electrophoresis mostly employs UV detection, either in the
direct mode if wine compounds absorb in the UV or have been
modified to present chromophores or in the indirect mode if wine
compounds do not absorb UV radiation, as in the case of the
detection of cations, acid sugars, and organic acids [11-13].
Conductimetry has also proven to efficiently detect wine organic
acids [5]. Concerning important biologically peptides, amines,
proteins, and vitamins that are present at trace levels in wine, laser-
induced fluorescence appeared to be a powerful detector [7, 14,
15]. Very low limits of detection were reached, down to 20 pg/L



Capillary Electrophoresis in Wine Science 515

in the case of glutathione [15]. Mass spectrometry has also been
coupled to capillary electrophoresis for the detection of phenolic
compounds in red wines [16], biogenic amines [17, 18], and pro-
tein contents [19, 20]. The only limitation when using this detec-
tion is that the running buffer should be volatile and compatible to
electrospray, ion trapping, and time-of-flight implementations.

2 Applications of Capillary Electrophoresis to Wine Research

2.1 Enantiomeric
Analysis

2.2 Quantitative
Analysis: Polyphenolic
Gontents in Wines

Capillary electrophoresis provides high resolution, is fast and simple
technique, consumes very few reagents and samples, and requires
minimum preparation of sample even in complex matrices. It can
advantageously replace usual separative techniques like gas chroma-
tography for volatile compounds [6], or liquid chromatography for
flavonoids [21]. It can even go further in the separation of isomers
in the case of sugars [4] or stilbene analyses [3, 22, 23]. Among
wine compounds that have been precisely quantified in the last
decades, flavonoids and non-flavonoid polyphenols take a large place
in wine analyses [ 3, 14, 16, 21-24]. Peptides and proteins started to
be explored but were not so much exploited to deepen wine research
[9, 19, 20, 25-27]. Due to the difficulty to separate such analytes
(or cationic analytes in general) new suitable capillary modification is
the first stage to perform to reduce analyte—capillary interactions.

Qualitative observation on L-arabinose and D-galacturonic acid
contents, obtained from Riesling wine electropherograms, enabled
to differentiate vintages due to differences in fermentation routes,
infection processes by Botrytis cinerea during the grape matura-
tion, and enzyme treatments occurring during winemaking [4].
Trans-resveratrol and cis-resveratrol present in red wines are eas-
ily distinguishable by electrophoresis [3, 22]. Table 2 indicates con-
centrations for each enantiomer in red wines. Trans-resveratrol is the
most abundant isomer, with concentrations ranging from 1 to
25.5 pmol /L. Generally trans- and cis-resveratrol is present in grapes
in their glycosylated forms and aglycones can be released after hydro-
lysis during fermentation. Differences in concentrations can be attrib-
uted to the cultivar, the growing region, and the yeast strains. In
general Merlot and Pinot Noir wines exhibited the highest contents
of resveratrol. The highest resveratrol amount of 25.5 pmol /L was
obtained for the Oregon Pinot Noir. Trans-and cis-Piceid, the glyco-
sylated forms of resveratrol, has also been identified in red wines [23].

Wines present a large amount of phenolic compounds that can be
readily oxidized by significant amounts of oxygen. The total
amount of phenolics is quickly obtained by the Folin-Ciocalteu
colorimetric assessment, usually expressed as a concentration in mg
of gallic acid equivalent per liter. Global concentrations spanning
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Table 2
Resveratrol concentration in red wine, from [3]
Variety or name Maker Vintage Trans? Cis® Total
California
Cabernet J. Lohr-Cypress 1994 2.41=+0.16 ND 2.41
Zinfandel Karly—Pokerville 1996 3.26+0.08 ND 3.26
Cabernet Sauvignon Sutter Home 1995 1.73+0.09 ND 1.73
Special Reserve Red Mountain View none 10.16+£0.57 4.29+0.13 14.45
Cabernet Sauvignon Hawk Crest 1995 1.90+0.29 0.65+0.01 2.56
Merlot Saintsbury 1996 1.90+0.13 0.68+0.10 2.58
Pinot Noir Parducci 1996  7.93+0.26 2.44+0.07 10.37
Cabernet Sauvignon Frey Mendocino 1995  0.99+0.10 ND 0.99
Oregon
Pinot Noir Bethel Heights 1996  2549+2.34 ND 25.49
Washington
Merlot Paul Thomas 1995 11.78+0.38  3.34+0.07 15.12
France
Cotes-Du-Rhone George Duboeuf 1993  7.62£0.62 1.18+0.07 8.79
Beaujolais Villages George Duboeuf 1996  6.52:0.16 2.98+0.11 9.50
Bordeaux Chauteau Larose 1994  7.60+0.31 1.66+0.07 9.26
Bordeaux Christian Moueix 1995 12.71+£0.89 2.37+0.15 15.08
Chile
Merlot Sunrise-Concha Toro 1997  5.80+0.29 2.52+0.05 8.32
Cabernet Sauvignon Castillero del Diablo 1996 4.02+0.16 1.19+0.06 5.21
Spain
Tinto Reserva Pendes Mont Marcal 1989  5.66+0.15 0.69+0.02 6.35
Red Navarra Guelbenzu 1995 10.10+0.27 1.47+0.123 11.57
Australia
Shiraz Rosemount Estate 1997  6.78+0.29 2.46+0.08 9.24
Cabernet Sauvignon Rosemount Estate 1995  6.40£0.29 1.42+0.07 7.82
Argentina
Cabernet Sauvignon Santa Julia 1995 5.11+0.37 ND 5.11
Cabernet Sauvignon Santa Julia 1995 6.78 +0.30 ND 6.78

Ttaly

(continued)
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Table 2
(continued)
Variety or name Maker Vintage Trans? Cis® Total
Vino Nobile Montepalciano 1991  2.88+0.20 ND 2.88
Chianti Classico Castello D’alboa 1995  4.99:0.23 0.83+£0.03 5.82
Valpolicella Classico Zenato 1994 5.06+0.33 0.75+0.03 5.82
Portugal
Porto Warre’s None 2.26+0.10 0.70+0.02 2.95

ND not detected

Values for trans- and cisresveratrol represent micromolar concentrations = SD of the mean of three determinations

2.3 Recent Advances
in the Sulfur
Chemistry of Wines

from 200 to 2000 mg/L were found, respectively, in white and red
wines [28]. Simultaneously, individual polyphenolic identification
and quantification could be achieved by means of a reliable analyti-
cal separative tool such as capillary electrophoresis. The key factor
for the polyphenolic compounds to be separated is based on their
charge-to-mass ratio, which is totally dependent on the electrolyte
buffer pH and ionic strength.

Most of polyphenols have pKa comprised between 7 and 12,
and in the presence of an appropriate buffer electrolyte with pH
above 8, all phenolic substrates should be completely or partially
ionized [29]. For that purpose, phosphate and borate buffers were
mostly used for electrophoretic separations in wine. However,
modification of the buffer ionic strength could affect the resolu-
tion and the analytical times [21].

As flavonoids and non-flavonoids are chromophoric structures,
thanks to their aromatic rings, they are easily detectable spectro-
photometrically with a diode array detector in the ultraviolet region.

The diversity of yet-unknown sulfur compounds in wines has been
described previously by ultrahigh-resolution FTICR-MS [30].
However, these results also emphasized the need for selective ion-
ization strategies in order to overcome ion suppressions in the elec-
trospray. Capillary electrokinetic fractionation (CEkF) was thus
investigated as a simple and robust approach for semi-preparative
and analytical sample analysis based on pKa-dependant pH-driven
electrophoretic mobility [31]. Capillary electrokinetic fraction-
ation/mass spectrometry (CEkF/MS): Technology setup and
application to metabolite fractionation from complex samples cou-
pled at line with ultrahigh-resolution mass spectrometry. In this
study, CEKF was optimized with contactless conductivity detection
and coupled on/at line to electrospray ionization (ESI) mass
spectrometry (MS). A semi-empirical model was proposed, based
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2.4 Peptides

and Proteins in Wines:
What Can Be Learnt
by CGapillary
Electrophoresis?

on the correlation between sample /medium pH regulating the par-
tial charge and thus the electrokinetic loading of the capillary and
intensity (I) of the highly resolved single-mass signals of the ana-
lytes as obtained after flow injection of the electrokinetically filled
capillary into electrospray ion cyclotron-Fourier transform/mass
spectrometry (ICR-FT /MS). According to the model, an empirical
function (I=f(pH)) could be derived to calculate the acid dissocia-
tion constant (pKa) of various model compounds based on their
pH-dependant MS intensity profiles. Using the ultrahigh resolution
of ICR-FT/MS, the pKa model was further illustrated in real sam-
ples through the structure prediction of important compounds in
wine for two different wine samples only differing by their age in
bottle. The established CEKF was successfully used to selectively
fractionate sulfur compounds from the complex wine samples, and
it showed that S-containing compounds dominated the low-pH
fractionations, especially in the old vintage, thus suggesting a spe-
cific stability of S-conjugated compounds over time. Moreover, the
sulfur compounds found in low-pH fractionations were typically
located in the van Krevelen area of sulfonated phenols and antho-
cyanins. The visualization indicated that CEKF conducted at
extreme low pH preferentially orientates to sulfur compounds,
which are highly polar and can be dissociated at extreme low
pH. The proposed CEkF method is thus able to extract compounds
with high polarity from highly complex matrices.

Many macromolecules and proteins in particular tend to adsorb to
the inner capillary surface of the capillary due to electrostatic and
hydrophobic interactions. Adsorption leads to analytical problems
(zone broadening, non-reproducible migration times, errors in
quantification ...). Two different approaches are offered to the
analyst. The first consists in changing the chemistry of the
electrolyte by changing its pH or its ionic strength or by adding
specific additives. The second strategy involves a modified coating
of the fused silica surface that in some cases appeared to be the
most suitable strategy for the analysis of such biomolecules [32].

Analyses of variations in the concentrations of biomolecules
(proteins, peptides, natural products) that occur either naturally or
in response to environmental or genetic influences can provide
important insights into complex biological processes. Wine is a
complex system requiring a separation step before quantification of
variations in the individual components. Several isolation methods
have been tested: ultrafiltration, dialysis, and centrifugation [9,
27]. Centrifugation filter devices appeared to be the most conve-
nient for isolate and concentrate wine proteins [9].

For wine samples, the large number of different proteins pres-
ent and the small concentrations at which they can exist make such
experiments difficult. SDS-PAGE has proven to be a powerful tool
for the profiling of protein expression [33]. Combining isoelectric
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focusing for charge-based separation to SDS-PAGE for size-based
separation enabled to have hundreds of separated proteic compo-
nents [34]. Improvements could be achieved by using capillary
electrophoresis, which offers many advantages for the separation of
a wide variety of molecules.

The first parameter, which conditions the proteinaceous pool
of wine, has been shown to be the grape variety from which the
wine has been elaborated. Very little difference was noted for wines
coming from the same grape variety. However, the protein profiles
differ slightly from a cooler growing region compared to a warmer
one. The cooler one displayed fewer and smaller protein peaks [9,
27]. However, enological practices occurring during winemaking
appeared to have little impact on the protein content. Skin contact,
for instance, has been proven to increase the protein concentration
without changing the profile of wine.

Capillary electrophoresis enabled to determine that the pool of
high-molecular-weight proteins were more specifically involved in
haze formation mechanism in white wines [27].

3 Materials and Equipment

3.1 Wine Polyphenol
Quantification [14]

1. Analytes: Tyrosol, cis-resveratrol, tramsresveratrol, catechin,
epicatechin, hydroxytyrosol, sinapic acid, epicatechin gallate,
syringic acid, o-coumaric acid, p-coumaric acid, vanillic acid,
gentisic acid, p-hydroxybenzoic acid, salicylic acid, caffeic acid,
gallic acid, protocatechuic acid.

2. Sample: White wines (grape variety: Chardonnay, Riesling and
Cabernet Blanc, Greco di Tufo, Pinot Grigio, Verdicchio,
vintages: 2007 and 2008) from Argentina, Brazil, and Italy;
rosé wine from Italia (vintage 2008); red wines (grape variety:
Pinot, Cabernet Sauvignon, Barbera, Montepulciano, vintages:
2006 and 2008) from Brazil, Chile, Portugal, and Italy

3. Sample preparation: A liquid/liquid extraction with diethyl
ether was carried twice in the dark and under nitrogen atmo-
sphere. The diethyl extract was dried and resuspended in the
electrophoretic buffer with 10 % of methanol.

4. CE instrument and capillary: Beckman P/ACE Station 5000
Software equipped with a Diode Array Detector. Uncoated
fused silica capillary tube of 75 pm with effective and total
lengths of 50 and 57 c¢m, respectively.

5. CE buffer: The buffer was obtained by mixing H;BO;
(100 mmol/L) and Na,HPO, (100 mmol/L) and NaOH

(2 mol/L) to reach the final composition of phosphate
25 mmol /L, borate 10 mmol /L, and a fixed pH of 8.8.
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3.2 Analysis of Wine
Proteins
and Polypeptides [9]

1.

Analytes: Standard proteins from 14.2 to 205 kDa are used as
molecular weight markers: a-lactalbumin (14.2 kDa), carbonic
anhydrase (29 kDa), ovalbumin (45 kDa), bovine serum albu-
min (66 kDa), phosphorylase b (97.4 kDa), B-galactosidase
(116 kDa), mysosin (205 kDa).

Sample: White wine from Tenerife island and red wines from
Tenerife, Lanzarote, and Gran Canaria islands. Grape varieties
used to produce these wines are Listan, Negro, and Negramoll.

Sample preparation: The wine is pre-concentrated by using
centrifugal filter devices with a centrifugation for 30 min at
13,000 x g and a molecular weight membrane cutoff of 10 kDa.
The retentate is transferred to an Eppendort vial after a new
centrifugation for 3 min at 1000 x 4. The retentate is dissolved
in the electrophoretic bufter by adding Orange G Reference
Marker and 2-mercaptoethanol. The final solution is stirred
and heated at 100 °C for 10 min in a closed microfuge vial,
prior to cooling for 3 min and filtering with a 0.22 pm filter.

CE instrument and capillary: Beckman P/ACE Station 5510
Software equipped with a Diode Array Detector. Coated fused
silica capillary tube of 100 pm with effective and total lengths
of 40 cm and 47 cm, respectively.

CE buffer: Tris/HCl/sodium dodecyl sulfate 1%, at pH 6.6.

4 Methods

4.1 Wine Polyphenol
Analysis

4.2 Wine Protein
Analysis

The capillary is pre-rinsed with ultrapure water for 1.5 min and
electrophoretic bufter for 1.5 min. Before each measuring, the
capillary is rinsed with a solution of HCI (0.1 mol/L) for
1.5 min, NaOH (0.1 mol /L) for 1.5 min, and ultrapure water
for 1.5 min.

Inject the sample hydrodynamically for 7 s with 3.45 kPa.

Run sample under 15 kV with running buffer and detect peaks
at the specific wavelength corresponding to the maximum of
absorption of each wine analytes, in order to improve
sensitivity.

Figure 1 shows an electropherogram for a diethyl ether extract
white wine.

Calibration is used for the determination of the analyte con-
centration from integrated peak area. Concentrations of cali-
brated samples spanned from 1 to 50 mg/L.

The new capillary is pre-conditioned with HCI (1 mol/L) for
10 min. The capillary is daily conditioned with HCI (1 mol/L)
for 5 min and electrophoretic buffer for 10 min. After each
injection, the capillary is rinsed with a solution of HCI
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Tyrosol (1)
cis-Resveratrol (2)
trans-Resveratrol (3)
(+)-Catechin (4)
(—)-Epicatechin (5)
Hydroxytyrosol (6)
Sinapic acid (7)
Epicatechin Gallate (8)
Syringic acid (9)
o-Coumaric acid (10)
p-Coumaric acid (11)
18 Vanillic acid (12)
Gentisic acid (13)
p-Hydroxybenzoic acid (14)
Salicylic acid (15)

15 2'0 25 Cafieic acid (16)
Gallic acid (17)
Time (min) Protocatechuic acid (18)

Fig. 1 Electropherogram of a white wine diethyl ether extract, with its 18 identified polyphenols. Conditions:
uncoated fused silica capillary of 57 cm total length (500 cm of effective length) with 75 pm of inner diameter.
The electrophoretic buffer is a mixture of phosphate 25 mmol/L and borate 10 mmol/L, at pH 8.8. UV detection.
Injection for 7 s at a pressure of 3.45 kPa. Figure adapted from [14]

008

Lanzarote

AU (214 nm)
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Time (min)

Fig. 2 Protein profiling of three red wines from Lanzarote, Gran Canaria, and
Tenerife islands after a concentration step using centrifugal filter devices.
Conditions: Coated capillary of 47 cm total length (40 cm of effective length) with
100 pum of inner diameter. The electrophoretic buffer is a mixture of Tris/HCI/
sodium dodecyl sulfate 1%, at pH 6.6. Detection at 214 nm. Injection for 40 s
using N2 pressure (0.5 psi). Standard protein migration times are ranging from
15.2 min (corresponding to 14.2 kDa) to 27. 5 min (corresponding to 205 kDa).
Figure adapted from [9]
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(0.1 mol /L) for 1 min and the electrophoretic buffer for 5 min.

At the end of each day, the capillary is rinsed with water for
5 min, HCI (0.1 mol /L) for 5 min, and the buffer for 5 min.

Inject the sample hydrodynamically for 40 s with 0.5 psi at the
cathode.

Run sample under -14.1 kV with running buffer and detect
peaks at 214 nm.

Figure 2 shows sucha a protein profiling of three red wines
from Lanzarote, Gran Canaria, and Tenerife islands.

Standard proteins are treated with sodium dodecyl sulfate and
2-mercaptoethanol like the wine proteins and injected at the
beginning of each running day. Orange G is added to all injected
samples as marker in order to calculate the relative migration
time # (protein migration time/Orange G migration time).
The molecular weights (MW) of unknown wine proteins are
calculated from the linear regression equation of log MW =1 /1.
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