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Preface

The ongoing progress in biomedicine (e.g., identification of low abundant proteins in
human blood) requires high standards of bioseparation and purification techniques. Affin-
ity chromatography is one of the most selective and versatile types of liquid adsorption
chromatography and is particularly suited for sophisticated purification processes. Notably,
the concept of affinity chromatography is not a new state-of-the-art development. The first
report on affinity chromatography-based separations was already published in the early
1900s. The Thomson Reuters database reveals more than 150,000 publications or reports
including the term “affinity chromatography.” The number of publications is still increas-
ing exponentially. The significance and timeliness of the topic are illustrated by the fact that
more than 17,000 scientific articles, reports, or patents in English language were published
since 2010 on this very field.

Due to its high selectivity, speed, and easy handling, this rapid technique is today, more
than ever, one of the key tools in the selective separation of biomolecules. Its application
ranges from the isolation of small molecules to biopolymers like DNA, proteins, poly-
saccharides, and even cells. The principle of affinity chromatography is simple and based on
reversible, specific biological interactions. This includes antibody–antigen, hormone–re-
ceptor, or enzyme–substrate interactions. The “affinity ligand” is the interacting agent
immobilized to the support and used as a stationary phase for the purification and isolation
of the target biomolecule.

Despite the ease of concept, the current research focuses on sophisticated topics and
requires the interdisciplinary cooperation of various scientific fields. Besides the develop-
ment of new stationary phases, ligands, and modern robotic techniques of high-
throughput screening and the improvement of the different modes of affinity chromatog-
raphy, the understanding of the underlying processes on a molecular level is getting more
important (e.g., by molecular modeling). The detailed study of ligand–target interactions
and the prediction of binding constants will facilitate the various applications.

In editing the third edition of Affinity Chromatography of the Springer Series Methods
in Molecular Biology my task has been to retain the successful concept of the previous
editions, while bringing the content up to date, reflecting the recent developments and
making the coverage of essential topics more comprehensive. The aim of this edition is to
introduce the beginner to the basics of affinity chromatography and provide practical
knowledge for the development of own affinity separation protocols. In order to cover
the most important advances since the second edition, this edition includes new state-of-
the-art protocols and a new section regarding molecular modeling and the study of
ligand–target interactions.

In the beginning of this volume, the readers are introduced to the history and basics of
affinity chromatography by a review chapter of one of the leading researchers of modern
affinity chromatography science, Prof. David S. Hage.

Part 1 addresses general modes and ligands of affinity chromatography. This includes
dye affinity chromatography and immobilized metal-chelated affinity chromatography.
Furthermore, two chapters describe the isolation of DNA and cells. Straightforward
ligands are affinity tags (like the Strep-tag®-system or aptamers) with defined molecular
recognition properties, which have gained widespread use for rapid purification and
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isolation of proteins. Part 2 presents a number of protocols describing the application of
different stationary phases like silica particles, magnetic beads, mixed beds, and monolithic
columns. In recent years, organic monolithic materials are attracting more attention.
Monoliths consist of a single, continuous matrix of porous material. Part 3 of this book
is devoted to macroporous monoliths, so-called cryogels, synthesized in a cryogelation
process. They are characterized by a polymeric network with controlled porosities (up to
150 mm). The presence of macropores guarantees an efficient mass transfer and good flow-
through which will allow running the separation processes at high flow rate with low back
pressure. Part 4 of this book covers more theoretical aspects of affinity chromatography,
which become more important in the current research like the prediction of binding
constants, kinetic rate studies, and molecular modeling. The theory and use of both frontal
analysis and zonal elution competition studies will be discussed.

The volume Affinity Chromatography: Methods and Protocols, Third Edition, is aimed
to readers who are interested in the rapid and quantitative isolation of biomolecules with
high purity. The editor hopes that this edition will stimulate the readers to be an active part
in successful future developments in affinity chromatography.

All contributors certainly deserve my thanks for the excellent chapters they have
prepared.

Leipzig, Germany Senta Reichelt
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23 Characterization of the Binding Strengths Between Boronic
Acids and cis-Diol-Containing Biomolecules by Affinity
Capillary Electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
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Chapter 1

Affinity Chromatography: A Historical Perspective

David S. Hage and Ryan Matsuda

Abstract

Affinity chromatography is one of the most selective and versatile forms of liquid chromatography for the
separation or analysis of chemicals in complex mixtures. This method makes use of a biologically related
agent as the stationary phase, which provides an affinity column with the ability to bind selectively and
reversibly to a given target in a sample. This review examines the early work in this method and various
developments that have lead to the current status of this technique. The general principles of affinity
chromatography are briefly described as part of this discussion. Past and recent efforts in the generation of
new binding agents, supports, and immobilization methods for this method are considered. Various
applications of affinity chromatography are also summarized, as well as the influence this field has played
in the creation of other affinity-based separation or analysis methods.

Key words Affinity chromatography, History, High-performance affinity chromatography, Bioaffinity
chromatography, Immunoaffinity chromatography, Immobilized metal-ion affinity chromatography,
Dye-ligand affinity chromatography, Biomimetic affinity chromatography, Affinity monolith
chromatography

1 Introduction

Most samples in nature consist of a complex mixture of many
substances. This fact has led to the development of chemical separa-
tion methods such as liquid chromatography to purify, analyze, or
examine the components of such samples. The variety of chemical
interactions and formats that can be employed in these separations,
as based on the types of stationary phases andmobile phases that are
used, has resulted in the creation of many types of liquid chroma-
tography [1]. For instance, reversed phase chromatography or nor-
mal phase chromatography can be utilized to separate chemicals
based on their polarity, ion exchange chromatography makes use
of ionic interactions, and size exclusion chromatography separates
chemicals based on their size. Such methods can also be classified as
low-performance or high-performance techniques based on the
support materials that are used and the types of column efficiencies
that are obtained. The large variety of such methods has resulted in

Senta Reichelt (ed.), Affinity Chromatography: Methods and Protocols, Methods in Molecular Biology, vol. 1286,
DOI 10.1007/978-1-4939-2447-9_1, © Springer Science+Business Media New York 2015
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liquid chromatographicmethods being employed for the separation
or analysis of many types of chemicals in liquid-phase samples. As a
result, it is not surprising that liquid chromatography is a common
liquid-phase separation method that is found in both industrial
settings and research laboratories [1].

Perhaps the most selective, versatile, and complex form of
liquid chromatography is the method of affinity chromatography.
This method is a type of liquid chromatography that uses a biologi-
cally related agent as the stationary phase [2–7]. As this definition
suggests, affinity chromatography is based on the reversible and
specific binding that is often found in biological interactions.
Examples of these interactions include the binding of an antibody
with its target (or antigen), the binding of a hormone with its
receptor, and the interaction of an enzyme with its substrate. This
type of selective binding is used in affinity chromatography by
placing within the column one of the interacting agents and immo-
bilizing this agent to a support for use as a stationary phase. This
immobilized binding agent is called the “affinity ligand,” and it
forms the basis by which the complementary target can be isolated
or purified by the affinity column.

2 General Principles of Affinity Chromatography

Figure 1 shows a few ways in which an immobilized affinity ligand
can be used in a chromatographic separation. In each of these
approaches, a sample that contains the desired target is applied to
the column in the presence of a mobile phase that has the correct
composition and pH to promote binding of the target to the
affinity ligand. This mobile phase is often referred to as the “appli-
cation buffer” and represents the weak mobile phase for this col-
umn (i.e., the liquid phase in which the column will have its highest
retention of the target). When the sample is applied to the affinity
column in the presence of this mobile phase, the target will be
retained but, due to the selective nature of the immobilized binding
agent, other components in the sample will tend to pass through
the column in the nonretained fraction or as a weakly retained peak.
The retained target is then eluted from the column and measured,
collected for further use, or passed onto a second method for
further separation or analysis.

There are several ways in which the retained target can be
removed from the affinity column, as shown in Fig. 1. If this target
has only moderately strong binding to the column (e.g., an associ-
ation equilibrium constant of 105–106 M�1 or less), it may be
possible to use isocratic elution. In this approach, known as weak
affinity chromatography, the application buffer is utilized both to
apply the sample to the affinity column and to later elute the
retained target. A more common method is to use a step change

2 David S. Hage and Ryan Matsuda



or gradient to elute the retained target after the nonretained sample
components have left the column. This approach, sometimes
known as the “on/off” elution method, uses a second mobile
phase to cause the target to leave the column due to dissociation
or mass action, as is demonstrated in Fig. 1 through the use of
nonspecific elution or biospecific elution. The second mobile phase
that is used in this case is called the “elution buffer” and represents
the strong mobile phase for the column (i.e., a mobile phase that
leads to low target retention). After this elution buffer has removed
the target from the column, the original buffer is reapplied and the
column is allowed to regenerate prior to the next sample being
passed through the column.

As will be shown in this review, there are many types of binding
agents, supports, and separation formats that can be employed in
affinity chromatography. These features, plus the high selectivity of
many affinity ligands, have made this method popular in the large-
scale purification of enzymes and biopharmaceuticals [2–4]. Other
applications have included the small-scale isolation of recombinant
proteins, the analysis of specific chemicals in biological or pharma-
ceutical samples, and the study of biological interactions [2–6].
The remainder of this review will examine the history of affinity
chromatography and consider events and trends that have led to the
development and current applications of this technique.

Fig. 1 Examples of typical (a) application and (b) elution sequences for affinity chromatography. The isocratic
elution method in (b) uses the same solution for both sample application and elution from the column. The
nonspecific elution method in (b) uses a separate solution for elution that has a different pH, ionic strength,
polarity or temperature from the solution used for sample application. The biospecific elution methods in
(b) make use of an elution buffer that contains an agent that will compete with the affinity ligand for binding to
the target (normal role) or that competes with the target for binding to the affinity ligand (reversed role)

Affinity Chromatography – A Historical Perspective 3



3 The Origins of Affinity Chromatography

The first known report of a separation that used affinity
chromatography occurred in the early 1900s. This was a period of
time in which the method of liquid chromatography itself was still
in its infancy. Some work had already been carried out in the late
1800s for liquid-phase separations based on the adsorption of
chemicals to planar supports [1]. In addition, the utilization of
packed columns and the adsorption of targets to a solid support
had been explored in 1903–1907 by Michael Tswett for the sepa-
ration of plant pigments [8]. A few years later, in 1910, Emil
Starkenstein studied binding by the enzyme α-amylase to a column
containing insoluble starch [9]. The method used by Starkenstein,
which was based on the natural interactions that occur between
α-amylase and starch, this enzyme’s substrate, was not only the first
known example of affinity chromatography but was also one of
earliest examples of a separation in which liquid chromatography
was used with an enzyme or protein.

Methods similar to the one used by Starkenstein were soon
described by others who were working with the enzyme amylase.
Examples included several papers which appeared over the next few
decades, such as work by Ambard in 1921 [10], Holmbergh in 1933
[11], Tokuoka in 1937 [12], and Hockenhull and Herbert in 1945
[13]. In one of these reports, a 300-fold purification of amylase was
even reported [14]. This general approach was also adopted for the
purification or isolation of other enzymes that had substrates which
could be obtained in a solid or powdered form and used as support
materials. For instance, in 1934 Northrup used edestin, a crystalline
protein, to purify the protease pepsin [14]. Lineweaver et al.
employed polygalacturonase in 1949 as both a support and affinity
ligand for binding to alginic acid [15]. In addition, Grant and Rob-
bins described work in 1957 in which they used powdered elastin to
isolate the enzyme porcine elastase [16].

As these efforts were made on the use of substrates and solid
supports to purify enzymes, parallel reports appeared on the purifi-
cation of antibodies by their selective binding to biological ligands.
This type of work with antibodies was based on a report in 1920 by
Landsteiner in which it was found that antibodies could bind
“antigens” (i.e., chemicals that had a specific and complementary
structure to the antibodies) [17]. In addition, it was found that
large antigens could bind with polyclonal antibodies to form com-
plexes that precipitated from an aqueous solution. The result was
the creation of a method known as immunoprecipitation, which
appeared in the 1930s as a tool for antibody characterization and
purification [18–20]. As an example, immunoprecipitation was
utilized in 1934 by Kirk and Sumner to purify antibodies for urease
and to demonstrate that these antibodies were proteins [18].
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Although this particular approach was not yet at the point where it
would now be called “chromatography,” such work did demon-
strate that the use of selective binding for purification and analysis
was not limited to enzyme–substrate interactions but could be
extended to antibody–antigen binding, and perhaps other types
of biological systems.

4 Early Developments in Affinity Supports and Immobilization Methods

The earliest affinity-based separations, as described in the previous
section, all made use of naturally occurring materials as both the
support and binding agent. Examples included the use of supports
such as insoluble starch for the isolation of amylase [9–13], poly-
galacturonase for alginic acid [15], crystalline edestin for pepsin
[14], and powdered elastin for elastase [16]. The reports that
utilized immunoprecipitation employed a similar scheme based on
naturally occurring solid supports, but in these studies the support
was the precipitate that was created as the result of the specific
binding between an antigen and its antibodies [18–20].

The next step in the development of affinity-based separations
was the creation of supports which could be used for binding agents
and targets for which naturally occurring ligand/support combina-
tions were not available. This work first involved binding agents
that were attached to supports by means of noncovalent adsorp-
tion. One example of this occurred in 1935 whenD’Alessandro and
Sofia coated antigens onto charcoal or kaolin and used these mod-
ified supports to isolate antibodies that were related to tuberculosis
and syphilis [21]. A similar antibody-purification method that used
antigens on kaolin was described by Meyer and Pic in 1936 [22].
Although these supports were relatively easy to prepare, one issue in
using a support prepared by ligand adsorption was that the binding
properties of such a material may not have good long-term stability
due to gradual loss of the binding agent [2].

Approaches for the creation of supports that contained cova-
lently linked binding agents soon began to appear. This approach
was used in 1936 by Landsteiner and van der Scheer, who adapted a
diazo coupling method that had already been used to prepare hap-
ten conjugates [23]. In their modified approach, they used this
method to couple various haptens to chicken erythrocyte stroma.
Thismodifiedmaterial was then used to isolate antibodies that could
bind to the immobilized haptens. Another important advance took
place in 1951 in work by Campbell, Luescher and Lerman [24].
In their research, they activated cellulose to give p-aminobenzylcel-
lulose, which was then used to immobilize bovine serum albumin
(BSA). The resulting material was employed in the isolation of anti-
BSA antibodies that were present in pooled serum from rabbits that
had previously been injected and immunized with BSA [24].
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Other reports that used binding agents covalently linked to
solid supports soon began to appear. For instance, the same
method as used by Campbell et al. was employed by Lerman to
immobilized haptens in 1953 for “antibody chromatography”
[25]. Lerman also used this approach to prepare a support with
an immobilized ligand for the purification of mushroom tyrosinase
[26]. Other reports using covalently linked antigens for antibody
purification appeared in 1955 by Manecke and Gillert, who used
polyaminostyrene as the support [27], and in 1958 by Sutherland
and Campbell, who utilized glass beads for antigen immobilization
[28]. From 1957 through 1966, several reviews and additional
papers appeared on methods for the covalent immobilization of
antigens, enzymes or antibodies to solid materials [29–35]. Much
of this work focused on supports containing immobilized antibo-
dies, antigens or haptens, but some reports related to enzyme
purification were published as well. Of particular interest in this
latter group were two papers by Arsenis and McCormick in 1964
and 1966, in which various flavin-cellulose supports were used for
the purification of flavokinase [36] and flavin mononucleotide-
dependent enzymes [37].

There were a series of critical developments that next occurred
around the mid- to late-1960s. One of these developments was the
creation of beaded agarose by Hjerten in 1964 [38]. This material
was important because it was more efficient and more readily
adaptable than cellulose for use with proteins and biopolymers in
liquid chromatography. A second development, which occurred in
1967, was the description of the cyanogen bromide immobilization
method by Axen, Porath, and Ernback (see Fig. 2) [39]. The value
of this immobilization method was that it allowed for a general and
relatively convenient means for covalently coupling peptides and
proteins to polysaccharide-based materials. In 1968, Cuatrecasas,
Wilchek, and Anfinsen [40] combined these two approaches when
they used the cyanogen bromide method to immobilize nuclease
inhibitors to beaded agarose. These supports were then placed into
columns and used to purify several enzymes, including carboxypep-
tidase A, α-chymotrypsin, and staphylococcal nuclease [40]. This
general method was adapted by many others [2–6] and became
known by the name “affinity chromatography” [2–7, 40].

5 The Modern Area of Affinity Chromatography

Immediately after 1968, there was rapid growth in the field of
affinity chromatography and in the applications of this method.
This growth is indicated in Fig. 3 by the way in which the number
of publications including the term “affinity chromatography” grew
from only a few in the late 1960s to around 1,000 papers per year or
more by the early 1980s. Over the last decade, this number has
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Fig. 3 Number of publications including the term “affinity chromatography” and that appeared between 1968
and 2013. These data were obtained through a search that was conducted in April 2014 on the Web of Science

Fig. 2 The cyanogen bromide (CNBr) immobilization method. This figure shows two possible routes by which
ligands can be coupled to a support

Affinity Chromatography – A Historical Perspective 7



risen to around 1,500 papers per year, giving a total of over 43,000
publications on this topic that have appeared between 1968 and
2013. This period of time has also seen the creation of a large range
of methods and applications that make use of affinity chromatogra-
phy. The remainder of this review will briefly consider many of these
developments.

5.1 Advances in

Affinity Ligands

One way in which affinity chromatographic methods can be cate-
gorized is in terms of the type of binding agent that is present in the
column. As was noted earlier, the first binding agents used in this
method were those that were based on the interactions of enzymes
with their substrates, inhibitors or cofactors and on the interactions
of antibodies with their antigens. These two groups of interactions
are still used in many of the modern applications of affinity chro-
matography. Examples include the use of affinity chromatography
for enzyme purification, antibody isolation, and the selective puri-
fication or removal of antigen- or antibody-related targets from
samples [2–6].

The use of a biological molecule as the binding agent in affinity
chromatography, such as an enzyme or antibody, is a method
known as bioaffinity chromatography or biospecific adsorption
[2–6, 41]. There are many natural binding agents that have been
employed in affinity columns, which has resulted in the develop-
ment of several subcategories for bioaffinity chromatography.
The most common subcategory is one which uses a ligand that is
an antibody or antibody-related agent (e.g., an antigen or an
antibody fragment), giving a technique known as immunoaffinity
chromatography (IAC) [42–46].

Another subset of bioaffinity chromatography is lectin affinity
chromatography, which uses binding agents that consist of lectins
(i.e., nonimmune system proteins that can bind to particular car-
bohydrate residues) [41, 47–49]. Examples of lectins that are often
used in affinity columns are concanavalin A (Con A), which can
bind to α-D-glucose or α-D-mannose residues, and wheat germ
agglutinin (WGA), which interacts with D-N-acetylglucosamine
residues [3–6, 41, 49]. Some other natural ligands that have been
employed in bioaffinity chromatography are immunoglobulin-
binding proteins like protein A or protein G, which can be used
for antibody purification or as secondary binding agents to adsorb
antibodies to a support [6, 41, 49–52]. In addition, nucleic acids
and polynucleotides can be utilized in bioaffinity chromatography
to purify enzymes and proteins that bind to DNA or RNA, as well
as to retain nucleic acids that have a complementary sequence to the
immobilized binding agent [53–55].

Various nonbiological binding agents have also been employed
in affinity chromatography. Some illustrations of this approach
appeared during the early creation of synthetic agents and modified
supports for the purification of enzymes and antibodies, as
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described in the previous section. Other examples that began to
appear in the 1970s included the techniques of immobilized
metal-ion affinity chromatography (IMAC) [56], dye-ligand affinity
chromatography [57], and boronate affinity chromatography [58],
as illustrated in Fig. 4.

In IMAC, the affinity ligand is a metal ion that is bound to a
chelating agent on the support (e.g., Ni2+ on a support that contains
iminodiacetic acid, or IDA) [56, 59–62]. IMAC can retain peptides,
proteins and other targets that have electron donor groups, making
this method popular in molecular biology for the purification of
histidine-tagged proteins and in proteomics for the isolation of
phosphorylated proteins [60]. Dye-ligand affinity chromatography
uses a ligand that is a synthetic dye, such as Cibacron Blue 3GA [3,
57]. The good stability, low cost, and ability to custom design these
ligands for a given target have made dye-ligand affinity chromatog-
raphy popular for the large-scale purification of proteins and
enzymes [63, 64]. Boronate affinity chromatography is based on
the use of boronic acid or a related derivative as a ligand. This type of
ligand can retain targets that contain cis-diol groups, such as cate-
cholamines and many compounds with sugar residues (e.g., poly-
saccharides, glycoproteins, and ribonucleic acids) [65–67].

The last few decades have seen increasing interest in the gener-
ation of new types of affinity ligands through a variety of techni-
ques. One example is a technique known as biomimetic affinity
chromatography [63]. As the term “biomimetic” suggests, this
method seeks to generate or select a ligand that can mimic the

Fig. 4 Examples of nonbiological ligands that are used in (a) boronate affinity chromatography, (b) immobilized
metal-ion affinity chromatography (IMAC), and (c) dye-ligand affinity chromatography
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binding of a desired target to some natural compound. This
approach includes the use of synthetic dyes as ligands, making
dye-ligand affinity chromatography a subset of these biomimetic
techniques [63]. There are many ways in which artificial ligands can
be produced. Some examples of these approaches are the use of
phage display libraries, aptamer libraries, and ribosome display
libraries. The creation of affinity ligands through the use of peptide
libraries, combinatorial chemistry, and computer modeling has also
been an area of active research [63, 68, 69].

An alternative approach that has been explored to create artifi-
cial ligands is molecular imprinting [70–73]. In this technique, the
affinity ligand is a binding pocket for the target and is formed during
creation of the support. This material can be prepared by combining
a known portion of the desired target with a polymerizationmixture
that contains a cross-linking agent, an initiating agent for polymeri-
zation, and one or more monomers with functional groups that can
interact with the target. As this mixture polymerizes and forms the
support, pockets are produced about the target that have a shape
and set of functional groups that complement the target’s structure.
After this molecularly imprinted polymer (MIP) has been gener-
ated, the target is removed and the pockets in this material are
utilized as affinity ligands to retain and bind the same target in
samples that are applied to this support [70–73].

5.2 Advances in

Affinity Supports and

Immobilization

Methods

Another way affinity chromatography has continued to develop is
in the types of supports and immobilization methods that have
been employed in this technique. Carbohydrate-based materials
such as agarose remain the most common media for preparative
applications of affinity chromatography. Features of these supports
that make them useful for large-scale purifications and sample
pretreatment include their low nonspecific binding, low cost, and
ability to be used over a broad pH range for elution or with
solutions that are often employed for column sterilization. These
supports can also be employed with a variety of immobilization
methods [2–6, 49, 74]. The main downside for many of these
materials is their relatively low efficiency and their ability to be
used at only modest back pressures. A method with such properties
is sometimes known as low-performance (or column) affinity chro-
matography [2, 75, 76].

Soon after beaded agarose was used in affinity chromatography,
alternative supports were considered for this method. Some of these
materials were based on silica or glass beads, which provided better
efficiencies and mechanical stability than carbohydrate-based sup-
ports. The use of such materials gave a method known as high-
performance affinity chromatography or high-performance liquid
affinity chromatography [6, 76–79]; however, these supports did
require some prior modification tominimize their nonspecific bind-
ing for biological agents [6]. A range of synthetic organic-based
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supports were also created for affinity chromatography. These latter
supports included azalactone beads, hydroxylated polystyrene,
polyacrylamide derivatives, polyethersulfone, and polymethacrylate
derivatives, as well as hybrid materials like agarose–acrylamide and
dextran–acrylamide copolymers. Like agarose, these alternative
supports have now been used with many affinity ligands and immo-
bilization methods [3–6, 32, 78, 79].

There are various forms in which the support can be used in
affinity chromatography. The most common form is that of a
particulate support that is packed within a column. This type of
support may consist of agarose or cellulose beads, silica particles,
glass beads, or particles of an organic polymer like azalactone or
polyacrylamide. Monolithic supports have also been used with
affinity ligands over the last decade, giving a method known as
“affinity monolith chromatography”; in this approach, a porous
bed made of a continuous material is used in the affinity column
[75]. Monolith columns have been prepared by using media such as
agarose, silica, polymethacrylate or other organic polymers, and
cryogels (e.g., see Fig. 5) [75, 76, 79, 80]. Other support formats
that have been utilized in affinity chromatography have included
fibers, membranes, nonporous particulate supports, flow-through
particles (e.g., perfusion media), and expanded bed particles [79].

The approach that is most frequently used in modern affinity
chromatography to place ligands onto these supports is covalent
immobilization. There are many methods that can be used for this
purpose [3–6, 49, 74, 78]. For example, this might make use of
amine groups, carboxylic acids, or sulfhydryl residues in the struc-
ture of a ligand such as a protein or peptide. Alternative schemes
can also sometimes be employed, such as the use of aldehyde
groups that are generated through the oxidation of carbohydrate
residues [49, 74, 81]. In addition, many of these procedures can
now be carried out by using kits or preactivated supports that are
commercially available [49, 74].

Fig. 5 Typical procedure used to prepare an organic monolith based on a copolymer of glycidyl methacrylate
(GMA) and ethylene glycol dimethacrylate (EDMA) for use in affinity monolith chromatography
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Physical adsorption, which was used in some early forms of
affinity chromatography, is still used on occasion for ligand immo-
bilization. This method is usually easy to carry out but can result in
a ligand that may wash from the column over time or may use a
support material that will have nonspecific binding to some sample
components [74]. A common variation of this method is biospecific
adsorption, which uses a secondary ligand that is coupled within
the column to selectively adsorb the final desired affinity ligand.
A few examples of this approach are the use of immobilized strep-
tavidin or avidin to bind to affinity ligands that have been tagged
with biotin, and the use of immobilized protein A or protein G to
adsorption antibodies to affinity supports [41, 43, 49, 74].

Another method for ligand immobilization that has been of
interest is entrapment or encapsulation [74]. One way to accom-
plish this is to combine the affinity ligand with the chemicals that
are used to make an affinity support, such as occurs when a sol–gel
is prepared in the presence of a protein or other type of ligand [74].
It is also possible to place large ligands like liposomes or membrane-
based particles within the pores of some supports (e.g., agarose) by
altering the size of the ligand particles through a process such as
freeze-drying [82, 83]. Another approach that has recently been
used for entrapment is to place soluble proteins and other affinity
ligands in porous supports by at least partially blocking the sup-
port’s pores through the use of a large capping agent [84, 85].

5.3 Advances in

Applications of Affinity

Chromatography and

Related Methods

As was true during the initial development of affinity chromatogra-
phy, one of the key applications for this method is its use in the
selective purification of biochemicals. The variety of ligands and
supports that are now available have made this technique valuable
for both small- and large-scale purification methods. A small-scale
example is the use of IMAC to isolate and purify histidine-tagged
proteins, as are often produced in molecular biology [60]. Impor-
tant examples of large-scale purifications include the use of various
forms of affinity chromatography to isolate enzymes, recombinant
proteins, and biopharmaceutical products [63, 64, 86–90].

The high selectivity of affinity ligands, and the creation of
improved support materials for these ligands, has also led to the
growth of affinity chromatography as an important tool for chemi-
cal analysis [2, 6, 76–80]. This has included the use of this method
in fields that have ranged from biochemistry and clinical chemistry
to pharmaceutical analysis and environmental science [88, 91–94].
Some of these applications have used affinity chromatography as a
means of binding to a particular target and then measuring this
target directly as it elutes from the affinity column [6, 43, 46,
92–96]. In some cases, such as chiral separations, an affinity column
can be used to retain and resolve multiple targets that bind to the
affinity ligand [92, 97–100]. Many other examples have used affin-
ity ligands, and especially antibodies, to extract a given target or
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group of targets prior to the analysis of these compounds by a
second method (e.g., reversed phase chromatography, gas chroma-
tography, capillary electrophoresis, or mass spectrometry) [42–44,
96, 101, 102]. Affinity columns have also been employed with
various detection schemes for the indirect detection of a target,
such as occurs in the use of antibodies in chromatographic-based
immunoassays or in schemes that employ postcolumn immunode-
tection to examine specific targets as they elute from more tradi-
tional types of liquid chromatographic columns [44, 46, 95, 96,
102, 103]. Both the specificity and strong binding of many
biological ligands have also made affinity columns attractive in
recent years as components for the processing or analysis of targets
by microscale analytical devices [96, 101, 104, 105].

Another application for affinity chromatography has been the
use of this method in the study of biological interactions
[106–111]. Zonal elution is one approach that was used as early as
1973–1974 for this purpose [112, 113] and has been employed
with such systems as protein–protein, drug–protein, and enzy-
me–inhibitor interactions [106, 107, 109]. This method makes
use of the injection of a small amount of a probe compound or
solute onto an affinity column, and is usually done in the presence of
a competing agent or additive in the mobile phase. This method can
provide data on the binding strength of the ligand to the injected
probe/solute or additive and on the types of interactions that are
present between these agents [107, 109]. Frontal analysis, or frontal
affinity chromatography (FAC), is an alternative approach for bind-
ing studies that has been used since 1975 [114]. This method
involves the continuous application of a known concentration of a
target to an affinity column, with the results being used to find the
equilibrium constant(s) and number of binding sites for the target
with the affinity ligand [106, 107, 109]. In the early-to-mid 1990s,
similar zonal elution and frontal analysis schemes were adapted for
use in capillary electrophoresis, creating a set of methods now
known as affinity capillary electrophoresis (ACE) [115–119].

Work in the mid-1970s through early-1980s also lead to the
development of various ways for examining the kinetics of
biological interactions by using affinity chromatography. An early
example of such an approach was a variation on zonal elution that
made use of band-broadening measurements [106, 120–122].
Other methods that were described for kinetic studies included
those based on the split-peak effect, peak decay analysis, and various
peak fitting methods [106, 107, 109, 123–130]. Similar work was
then conducted in the use of immobilized affinity ligands and flow-
through biosensors for kinetic studies [108, 131]. One result of
these efforts was the creation of sensors and devices that could
determine the degree or rate of a target–ligand interaction at a
surface by measuring changes in optical properties, such as based
on surface plasmon resonance (SPR) [131–133].
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6 Conclusion

Over the last one hundred years, affinity chromatography has
grown from a method that could be used to isolate only a few
enzymes or antibodies to a powerful technique that has a broad
range of applications in chemical separations and analysis. This
growth has been made possible by the availability of many binding
agents, support materials, and immobilization methods that can
now be used with this technique. These developments, in turn,
have made it possible for affinity chromatography to become an
important separation method for both the large- and small-scale
purification of biochemicals. Other applications that have appeared
for this method have included its use in the direct or indirect
detection of targets and its combination with other methods of
chemical analysis. Affinity chromatography has also become a valu-
able tool for the study of biological interactions and has led to the
creation of related affinity methods, such as the use of flow-based
sensors to examine biological interactions and affinity capillary
electrophoresis. As a result of the many current applications for
this method, it is expected that affinity chromatography will con-
tinue to grow and develop in the future as a vital tool in areas that
span from the production of biopharmaceuticals to clinical analysis,
environmental testing, pharmaceutical testing, and biomedical
research.
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General Modes and Ligands of Affinity Chromatography





Chapter 2

Protein Purification by Aminosquarylium Cyanine
Dye-Affinity Chromatography

Vânia C. Graça, Fani Sousa, Paulo F. Santos, and Paulo S. Almeida

Abstract

Affinity chromatography (AC) is one of the most important techniques for the separation and purification
of biomolecules, being probably the most selective technique for protein purification. It is based on unique
specific reversible interactions between the target molecule and a ligand. In this affinity interaction, the
choice of the ligand is extremely important for the success of the purification protocol.
The growing interest in AC has motivated an intense research effort toward the development of materials

able to overcome the disadvantages of conventional natural ligands, namely their high cost and chemical
and biological lability. In this context, synthetic dyes have emerged, in recent decades, as a promising
alternative to biological ligands.
Herein, detailed protocols for the assembling of a new chromatographic dye-ligand affinity support

bearing an immobilized aminosquarylium cyanine dye on an agarose-based matrix (Sepharose CL-6B) and
for the separation of a mixture o f three standard proteins: lysozyme, α-chymotrypsin, and trypsin are
provided.

Key words Affinity chromatography, Purification of biomolecules, Aminosquarylium dyes, Protein
purification

1 Introduction

The purity of a protein is an important requirement for its
biological and/or industrial application and it depends on the use
of the protein. For example, for therapeutic purposes a very high
purity (>99.9 %) is mandatory to minimize the danger of side
effects or immunogenic response, while for industrial applications,
such as in food industry, a lower purity is sufficient [1, 2].

Affinity chromatography (AC), a separation technique based
on highly specific molecular recognition between a ligand, immo-
bilized on a suitable insoluble matrix, and the target molecule to be
isolated, has becoming increasingly popular for the separation and
purification of biomolecules [3]. In fact, it is considered potentially
the most selective method for the purification of proteins and other
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biological macromolecules [4], being described as the best
technique to preserve the biological activity of the isolated proteins
[5] and providing higher purity and specific activity of biological
materials when compared with other chromatographic techniques.

Conventional affinity ligands have been originated from natural
sources such as peptides, oligonucleotides, antibodies, and binding
or receptor proteins [6]. These ligands are usually extremely spe-
cific, but, at the same time, they are expensive and difficult to
immobilize preserving their biological activity [7].

Since the first reported application of dyes as ligands for AC [8]
in the beginning of the 1970s, the interest in this chromatographic
modality has been consistently increasing. Dye-ligands present
several advantages over the biological ones, namely low cost,
availability, resistance to chemical and/or biological degradation,
ease of immobilization, and the capacity to bind to most types of
proteins [9]. Their major drawback is related to the fact that
sometimes within a group of proteins the selectivity is inferior to
that of a specific bioligand.

The more widely used dye-ligands in protein purification by AC
have been based on triazine dyes [10].

Although dye-AC has been intensively investigated, the use of
cyanines as ligands was an almost unexplored field, apart from a
brief reference from McLoughlin and Lowe [11], until the begin-
ning of this millennium when the use of amino and isothiocyanato-
functionalized cyanine dyes to purify standard proteins by AC was
reported [12, 13]. Since then, the synthesis of carboxylic and
amino-functionalized cyanine dyes [14–16], their ability to be
immobilized in typical chromatographic supports such as agarose
and cellulose, and their capacity to separate standard proteins
[17, 18], as well as the Dynamic Binding Capacity (DBC) and
dissociation constant (Kd) of the resulting cyanine dye-AC, have
been subject of investigation [2]. Moreover, the binding between
beaded cellulose derivatized with a thiacarbocyanine dye and
50‐mononucleotides [19] and the binding of several carbocyanine
dyes to proteins was evaluated by NMR using the Saturation Trans-
fer Difference (STD-NMR) technique [20].

Herein, the immobilization of an aminosquarylium cyanine
dye ASQ, 2-[2-aminoethylamino-3-(3-hexyl-3H-benzothiazol-
2-ylidenemethyl)-4-oxocyclobut-2-enylidenemethyl]-3-hexylben-
zothiazol-3-ium iodide, on an agarose-based matrix Sepharose
CL-6B, using 2,4,6-trichloro-1,3,5-triazine as activation agent
(Fig. 1) and its use as ligand for the separation of a mixture of
three standard proteins: lysozyme, α-chymotrypsin, and trypsin are
described. The affinity interactions between the immobilized
ligand and these proteins are expected to be extensible to other
different proteins, widening the applicability of the separation
protocol.
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2 Materials

Prepare all solutions using deionized or ultrapure water and
analytical grade reagents (unless otherwise stated). 2,4,6-Tri-
chloro-1,3,5-triazine should be purified prior to use by recrystalli-
zation as described in the literature [21]. Prepare and store all
solutions at room temperature (unless otherwise indicated).

2.1 Activation

of Sepharose CL-6B

1. Agarose-based matrix Sepharose™ CL-6B (GE Healthcare Life
Sciences).

2. 2.0 M N,N-diisopropylethylamine in acetone.

3. 1.0 M 2,4,6-trichloro-1,3,5-triazine in acetone (see Note 1).

2.2 Dye

Immobilization

1. 2.3 mM ASQ dye (prepared as described in ref. [18]) in
N,N-dimethylformamide.

2. Gel Buffer: 1.0MTris–HCl, pH 9.0. Weigh 12.11 g of Tris to a
100 mL volumetric flask and add water to a volume of about
90 mL. Adjust the pH to 9.0 with HCl (see Note 2) and make
up to a volume of 100 mL with water.

3. 50/50 (v/v) methanol/acetone solution.

2.3 Chromatographic

Method

1. Dyed Sepharose.

2. Econo-pac® chromatography column (Bio-Rad) (14 cm high,
1.5 � 12 cm polypropylene column).

Fig. 1 Dye-ligand ASQ (2-[2-Aminoethylamino-3-(3-hexyl-3H-benzothiazol-
2-ylidenemethyl-4-oxocyclobut-2-enylidenemethyl]-3-hexylbenzothiazol-3-ium
iodide) immobilized on Sepharose CL-6B, via 2,4,6-trichloro-1,3,5-triazine
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3. Elution buffer: 10 mM Tris–HCl, pH 8.0. Weigh 121.11 g of
Tris to a 1 L volumetric flask and add water to a volume of
900 mL. Adjust the pH to 8.0 with HCl (seeNote 2) and make
up to a volume of 1 L with water. Then, prepare 10 mM
Tris–HCl, pH 8.0, by dilution of the later stock solution.
Measure 10 mL of 1.0 M Tris–HCl to a 1 L volumetric flask
and add water to a volume of about 900 mL. Adjust the pH to
8.0 by addition of HCl (seeNote 2) andmake up to a volume of
1 L with water.

4. Elution buffer: 1.0 M ammonium sulfate, 10 mM Tris–HCl,
pH 8.0. Weigh 26.43 g of ammonium sulfate to a 200 mL
volumetric flask and dissolve it by adding 180 mL of 10 mM
Tris–HCl, pH 8.0. Adjust the pH to 8.0 with HCl (seeNote 2)
and make up to a volume of 200 mL with 10 mM Tris–HCl,
pH 8.0.

5. Elution buffer: 0.8 M ammonium sulfate, 10 mM Tris–HCl,
pH 8.0. Weigh 21.14 g of ammonium sulfate to a 200 mL
volumetric flask and dissolve it by adding 180 mL of 10 mM
Tris–HCl, pH 8.0. Adjust the pH to 8.0 with HCl (seeNote 2)
and make up to a volume 200 mL with 10 mM Tris–HCl,
pH 8.0.

6. Solution of α-chymotrypsin, lysozyme, and trypsin (15 mg of
protein/mL of buffer) in 1.0 M ammonium sulfate, 10 mM
Tris–HCl, pH 8.0 (see Note 3).

2.4 Polyacrylamide

Gel Electrophoresis

1. Bio-Rad system, 15 % sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to the manufac-
turer’s protocol (Bio-Rad, Hercules, CA, USA).

2. Resolving gel buffer: 1.5M Tris–HCl, pH 8.8. Weigh 181.71 g
of Tris to a 1 L volumetric flask and add water to a volume of
900 mL. Adjust the pH to 8.8 with HCl (seeNote 2) and make
up to 1 L with water.

3. Stacking gel buffer: 1.0 M Tris–HCl, pH 6.8. Weigh 121.14 g
of Tris to a 1 L volumetric flask and dissolve it in about 900 mL
of water. Adjust the pH to 6.8 with HCl (seeNote 2) and make
up to 1 L with water.

4. Resolving gel (15 %). Mix 5.0 mL of 30 % acrylamide/bis-
acrylamide with 2.5 mL of 1.5 M Tris–HCl, pH 8.8, 100 μL
of 10 % SDS, and 2.3 mL of water. Add 100 μL of 10 % APS
(ammonium persulfate) (see Note 4) and 4 μL of N,N,N’,
N’-tetramethylethylenediamine (TEMED).

5. Stacking gel (5 %): Mix 0.33 mL of 30 % acrylamide/bis-
acrylamide with 0.25 mL of 1.0 M Tris–HCl, pH 6.8, 20 μL
of 10 % SDS and 1.4 mL of water. Immediately before the
preparation of the gel add 2 μL of TEMED and 20 μL of
10 % APS (see Note 4).
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6. SDS-PAGE sample buffer: 50 mM Tris–HCl, pH 6.8, 10 %
glycerol, 0.1 % bromophenol blue, 2 % SDS. Mix 0.5 mL of
1.0 M Tris–HCl, pH 6.8, with 4.0 mL of 25 % glycerol, 1.0 mL
of 1 % bromophenol blue, 2.0 mL of 10 % SDS, and 2.5 mL of
water. Store as 1.0 mL aliquots at �70 �C.

7. SDS-PAGE running buffer: 192 mM glycine, 0.1 % SDS,
25 mM Tris–HCl, pH 8.3. Prepare 10� native buffer 0.25 M
Tris, 1.92 M glycine, by weighting 30.29 g of Tris and
144.11 g of glycine to a 1 L volumetric flask and make up to
1 L with water. Dilute 100 mL of 10� native buffer to 990 mL
with water and add 10 mL of 10 % SDS.

8. Coomassie Brilliant Blue Staining: Weigh 0.25 g of Coomassie
Brilliant Blue R-250 and add to 400 mL of methanol, 70 mL of
acetic acid and make up to 1 L with water.

9. Destain solution I: Mix 320 mL of methanol with 56 mL of
acetic acid and add water to make a final volume of 1 L.

10. Destain solution II: Mix 50 mL of methanol with 70 mL of
acetic acid and add water to make a final volume of 1 L.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Activation of

Sepharose CL-6B

1. Place 100mL of Sepharose CL-6B (settled gel) (seeNote 5) into
a sintered glass funnel and wash it sequentially with 500 mL
of water/acetone (70/30 (v/v)), 500 mL of water/acetone
(30/70 (v/v)) and, finally, with 1 L of acetone (see Note 6).

2. Suspend the gel in 100 mL of acetone, in a 250 mL round-
bottom flask, and heat to 40 �C (seeNote 7), under very gentle
stirring (see Note 8).

3. Add 20 mL of a 2.0 M solution of N,N-diisopropylethylamine
in acetone to the Sepharose gel (seeNote 9) and, 30 min. later,
20 mL of a solution of 1.0 M 2,4,6-trichloro-1,3,5-triazine in
acetone.

4. After 1 h, collect the activated support by filtration under
reduced pressure in a sintered glass funnel and wash it thor-
oughly with 1 L of acetone (see Note 10).

5. Store the activated Sepharose in acetone and keep it in the
refrigerator.
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3.2 Dye

Immobilization

1. Place 10 mL of the activated Sepharose (settled gel) in an
Erlenmeyer flask and suspend it in 6 mL of acetone.

2. Add 1.95 μL of triethylamine followed by a solution of 10.0 mg
of the dye in 6 mL of N,N-dimethylformamide (see Note 11).

3. Keep the resulting mixture under orbital agitation for ca. 24 h
(see Note 12).

4. Collect the gel by filtration under reduced pressure in a sintered
glass funnel, carefully wash it with acetone, dichloromethane,
methanol, and water (see Note 13).

5. Suspend the gel in 10 mL of 1.0 M Tris–HCl buffer, pH 9.0, in
an Erlenmeyer flask (see Note 14) and keep under orbital
agitation for 1 h.

6. Place the gel into a sintered glass funnel and wash it thoroughly
with water and acetone, under reduced pressure (seeNote 15).

7. Transfer the dyed gel to an extraction thimble and subject it to
Soxhlet extraction with methanol/acetone (1/1 (v/v)) for ca.
24 h (see Note 16).

8. Store the blue-dyed Sepharose in acetone and keep it in a
refrigerator.

3.3 Chromatographic

Method

1. Pack about 3 mL of dyed gel in a 1.5 � 12 cm polypropylene
econo-pac column (see Note 17) and equilibrate it with 1.0 M
ammonium sulfate in 10 mM Tris–HCl, pH 8.0 (seeNote 18).

2. Load 100 μL of the mixture of proteins onto the column.

3. Perform the elution using, sequentially, 20 mL of 1.0 M
ammonium sulfate in 10 mM Tris–HCl, pH 8.0 (see Note
19), 10 mL of 0.8 M ammonium sulfate in 10 mM Tris–HCl,
pH 8.0 (seeNote 20), and 10 mL of 10 mM Tris–HCl, pH 8.0
(see Note 21).

4. Collect 1 mL fractions of eluate and measure the
corresponding absorbance at 280 nm (see Note 22).

3.4 Polyacrylamide

Gel Electrophoresis

1. Cast the resolving gel within a gel cassette. Allow space for the
stacking gel and to make the top of the resolving gel be hori-
zontal, fill in water until an overflow.

2. Wait for 20–30 min to let it polymerize.

3. Discard the water and add the stacking gel to reach the top of
the cassette.

4. Insert the 10-well-forming comb immediately without intro-
ducing air bubbles. Wait for 20–30 min to let it polymerize.
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5. After polymerization of the gels, transfer the comb to the
electrophoretic chamber prefilled with the SDS-PAGE running
buffer.

6. To prepare the samples mix 30 μL of each sample with 10 μL of
SDS-PAGE sample buffer. Heat the samples to 100 �C for
5 min. Load 10 μl of each sample onto the gel.

7. Connect the electrophoresis cell to the power supply and
perform electrophoresis at 150 V, for approximately 90 min,
using the SDS-PAGE running buffer.

8. Remove the SDS-PAGE gel from glass to a container and add
enough Coomassie Stain to cover the gel. Incubate the gel in
the Coomassie stain until desired band intensity is reached, at
least for 30 min.

9. Transfer the gel to a container with destain solution I. Incubate
the gel in the destain solution I for at least 30 min.

10. Repeat the previous procedure, using the destain solution II
(see Note 23).

4 Notes

1. To prepare this solution it is important to check if all the 2,4,6-
trichloro-1,3,5-triazine is fully dissolved. If complete dissolution
does not occur it maymean that the compound is not pure and it
is probably contaminated with 1,3,5-triazinane-2,4,6-trione, the
product of hydrolysis. A yellowish aspect of the reagent is also
indicative of impurity; the pure compound is white.

2. Concentrated HCl may be used first to reduce the gap from
the starting pH to the required pH. From then on, it would
be better to use a series of diluted HCl solutions with lower
ionic strength to prevent a sudden drop in pH below the
required pH.

3. This solution can be expeditiously prepared by weighing 15 mg
of each protein to an eppendorf tube and adding 1 mL of 1.0M
ammonium sulfate in 10 mM Tris–HCl, pH 8.0.

4. This solution should be freshly prepared for each SDS-PAGE
run.

5. The desired volume of settled gel should be measured by
removing the solvent of the suspension, under reduced pres-
sure, in a sintered glass funnel previously marked to 100 mL.
This may be easily done using 100 mL of water in the absence
of suction.
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6. This step is necessary to transfer the gel from the original
ethanolic phase to a nonhydroxylic organic phase. Washing of
the gel is performed under controlled reduced pressure, so that
it can be carried out slowly, allowing the gel to be gently swirled
with a spatula to assure an efficient washing without damage to
the gel structure.

7. It is very important to perform this step at 40 �C because at this
temperature only one of the chlorine atoms of 2,4,6-trichloro-
1,3,5-triazine undergoes substitution by the hydroxyl groups
of the Sepharose, as desired.

8. The stirring of the solution is performed very gently by means
of a magnetic stirrer in order to avoid damage to the gel
structure. Preferably, the agitation should be carried out using
an orbital shaker to control the temperature.

9. This tertiary amine is essential to work as proton sponge and
captures the HCl molecules released during the condensation
reactions.

10. This washing step must be performed extensively to assure the
removal of all unreacted molecules of 2,4,6-trichloro-1,3,5-
triazine and N,N-diisopropylethylamine.

11. The solution of the dye in N,N-dimethylformamide must be
prepared carefully, assuring the complete dissolution of the dye.
However, this is not always easy to check because of the very
dark blue color of the solution. An option is to try to detect the
presence of suspended shiny particles of the dye. Care must be
taken to ensure that no precipitation of the dye occurs when
this solution is added to the Sepharose suspension.

12. Perform the orbital agitation at 240 rpm. During this period,
the mixture should be covered with aluminum foil to prevent
exposure to light and avoid photodegradation of the dye.

13. Again this washing step should be performed under controlled
reduced pressure, so that the gel can be gently swirled with a
spatula to assure an efficient washing without damage to the gel
structure. Each organic solvent must be used until no more
unbounded dye is removed. Methanol is the solvent that
removes the dye more efficiently. Water is necessary to transfer
the gel from the organic to an inorganic phase.

14. Treatment with 1.0 M Tris–HCl buffer is essential to block the
remaining active chlorine atoms in the activated Sepharose.

15. The washing of the gel with water is carried out to assure the
complete removal of the remaining Tris–HCl. The following
washing step with acetone is intended to remove the residual
water before the Soxhlet extraction step.
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16. The extraction is carried out for about 24 h which is usually
the time required to remove all residual nonbonded dye. How-
ever, this extraction period can vary and should always be
checked regularly if extraction of dye is no longer visible. The
whole process should be done in the absence of light using
aluminum foil.

17. Place the gel into the column, previously washed with water,
and allow it to pack by gravity flow. Place the filter on the top of
the gel and wash it thoroughly with water.

18. This balance is achieved by using, at least, a three-fold volume
of buffer relative to the column’s volume.

19. Separation results from the different interactions established
between the proteins and the chromatographic support. The
first eluent promotes the elution of the unbounded species,
which, in this case, is lysozyme.

20. This eluent promotes the elution of α-chymotrypsin, which
establishes only moderate binding to the support.

21. This eluent allows the recovery of trypsin, which is the protein
that exhibits the strongest and more specific interaction with
the dye ligand.

22. A successful separation should afford a chromatographic profile
such as that illustrated in Fig. 2.

23. A successful separation should afford a SDS-PAGE profile such
as that illustrated in Fig. 3.
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Fig. 2 Chromatographic profile obtained for the support prepared with dye ASQ, loaded with a mixture of
lysozyme, α-chymotrypsin and trypsin (15 mg of protein /mL buffer), using 1 M (NH4)2SO4 in the initial washing
step, followed by a stepwise gradient of (NH4)2SO4 from 0.8 to 0 M (represented by the dashed line)
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Chapter 3

One-Step Purification of Phosphinothricin Acetyltransferase
Using Reactive Dye-Affinity Chromatography

Cunxi Wang, Thomas C. Lee, Kathleen S. Crowley, and Erin Bell

Abstract

Reactive dye purification is an affinity purification technique offering unique selectivity and high
purification potential. Historically, purification of phosphinothricin acetyltransferase (PAT) has involved
several steps of precipitation and column chromatography. Here, we describe a novel purification method
that is simple, time-saving, inexpensive, and reproducible. The novel method employs a single chromatog-
raphy step using a reactive dye resin, Reactive brown 10-agarose. Reactive brown 10 preferentially binds the
PAT protein, which can then be specifically released by one of its substrates, acetyl-CoA. Using Reactive
brown 10-agarose, PAT protein can be purified to homogeneity from E. coli or plant tissue with high
recovery efficiency.

Key words Phosphinothricin N-acetyltransferase, Affinity chromatography, Reactive dye, Reactive
brown 10, One-step purification

1 Introduction

Reactive dye-affinity chromatography is a rapid and inexpensive
method that is applicable to protein purification from crude cellular
extracts [1]. The process is based on the high affinity of immobi-
lized dyes for proteins, either due to specific interactions at the
protein active site or by a range of nonspecific interactions [2]. Use
of dye-affinity chromatography for protein purification requires
selection of immobilized dyes. Many of the dyes bind to proteins
that use NADH,NADPH, ATP, acetyl CoA, or other factors [1, 3].
Various reactive dyes have been found to contribute significantly to
the purification of proteins. In an earlier study, a reactive dye-based
affinity chromatography procedure was developed to purify acetyl-
CoA-dependent pyruvate carboxylase from the photosynthetic bac-
terium Rhodobacter capsulatus [4]. Cibacron blue 3GA has been
shown to bind to dehydrogenases [5], kinases [6], and restriction
endonucleases [7], while Reactive red 120 has been used for the
isolation of NADP-dependent dehydrogenases [8]. It was also
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reported that Reactive brown 10, along with other reactive dyes,
can be used for purification of glycosyltransferases [3]. In addition,
reactive dyes are stable, easy to be immobilized, inexpensive, and
commercially available.

Phosphinothricin N-acetyltransferase (PAT) is an enzyme that
acetylates the freeNH2 group of L-phosphinothricin (L-PPT) in the
presence of acetyl-CoA as a co-substrate [9, 10]. It is highly specific
for L-PPTand does not acetylate other L-amino acids or structurally
similar molecules [10]. L-PPT is a glutamate analog that can inhibit
glutamine synthetase activity in plants, resulting in the accumula-
tion of ammonia to toxic levels and impairment of photosynthesis
[11–13]. Thus PPT, the ammonium salt of which is also known as
glufosinate, is a broad-spectrum herbicide [9, 10, 13]. The intro-
duction of a PAT gene into a plant genome can confer resistance to
glufosinate herbicide through acetylation of L-PPT [9, 10, 14, 15].
Commercially available LibertyLink® products provide glufosinate
tolerance in several crops including cotton, corn, soybean, and
canola. To assess the structural and functional characteristics of
PAT in a transgenic crop, it is necessary to isolate PAT from the
plant. As more PAT-containing transgenic crops are developed, a
simple method allowing rapid isolation of PAT protein from plant
materials, while achieving a high degree of purity, would be benefi-
cial. Here, we describe a simple method to effectively purify PAT
from both E. coli and plant extracts using Reactive brown 10 [2].

2 Materials

Prepare all solutions using ultrapure water and analytical grade
reagents. Unless otherwise indicated, prepare and store all reagents
at 4 �C. Follow local waste disposal regulations when disposing
waste materials.

2.1 Purification 1. PAT-containing bacterial or plant materials (see Note 1).

2. Reactive brown 10-agarose. The agarose is supplied as a dry
powder or pre-swollen in solution. If a dry powder is purchased,
follow the vendor instructions for preparation of agarose in
solution, which is required for the method. Alternatively, you
can synthesize Reactive brown 10-agarose yourself (seeNote 2).

3. Column. One empty column with end caps and tip closure.
Other empty column may be substituted; ~ 20 mL column
capacity is required for the method.

4. Equilibration buffer: 20 mM Tris–HCl, pH 8.0. Weigh 2.42 g
Tris and transfer to a 1 L glass beaker. Add about 900 mL
water. Mix and adjust pH to 8.0 with HCl (see Note 3). Make
up to 1 L with water. Store at 4 �C.

5. Wash buffer (see Note 4): 1.5 M NaCl, 20 mM Tris–HCl,
pH 8.0. Weigh 1.21 g Tris and 43.8 g NaCl. Transfer to a
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500 mL glass beaker. Add about 400 mL water. Mix and adjust
pH to 8.0 with HCl (see Note 3). Make up to 500 mL with
water. Store at 4 �C.

6. Elution buffer: 20 mMTris–HCl, pH 8.0, 0.5 mM acetyl-CoA.
Weigh 4 mg acetyl coenzyme A sodium salt and transfer to a
15 mL glass or plastic tube. Add 10 mL of 20 mM Tris–HCl,
pH 8.0. Mix and store at 4 �C

2.2 SDS

Polyacrylamide Gel

Electrophoresis

1. Pre-cast Tris glycine 4–20 % polyacrylamide gradient gel. Other
gels may be substituted.

2. Tris–HCl, 1.0 M, pH 6.8: weigh 12.1 g Tris and transfer to a
100 mL glass beaker. Add about 70 mL water. Mix and adjust
pH to 6.8 with HCl (see Note 3). Make up to 100 mL with
water. Store at 4 �C.

3. 5�SDS loading buffer: 0.3 M Tris–HCl, 20 % (v/v)
2-mercaptoethanol, 10 % (w/v) SDS, 0.025 % (w/v) bromo-
phenol blue, and 45 % (v/v) glycerol, pH 6.8. Take 3 mL of
1.0MTris–HCl as prepared in last step into a15mLplastic tube.
Add2mLof 2-mercaptoethanol, 4.5mLof glycerol, 1 gof SDS,
2–3mgof bromophenol blue.Mix and store aliquots at�20 �C.

4. Protein staining. Visualize protein bands using InstantBlue
stain. Other protein staining reagents can be substituted.

5. SDS-PAGE running buffer: 0.025 M Tris–HCl, pH 8.3,
0.192 M glycine, 0.1 % SDS (see Note 5).

6. Protein molecular weight markers, Bench Mark prestained.
Other markers can be substituted.

3 Methods

3.1 Purification of

PAT from E. coli lysate

1. Mix the agarose resin gently to completely resuspend a 50% (v/v)
resin slurry.

2. Transfer ~ 4 mL 50 % agarose resin slurry to a 20 mL plastic
column. Allow storage buffer to drain until it reaches the top of
the agarose bed (see Note 6).

3. Apply equilibration buffer to the agarose. Allow buffer to drain
until it reaches the top of the agarose bed (see Note 7). Wash
the agarose with ~ five times of the agarose bed volume (5 BV)
of equilibration buffer; allow buffer to drain until it reaches the
top of the agarose bed. Plug the column tip to stop buffer flow.

4. Add ~10 mL of cell lysate to plugged column and then cap
column. Mix the agarose by inverting the capped column.
Immediately open the column and transfer the agarose mixture
to a 100 mL plastic bottle. Add the remaining lysate to the
bottle and then cap the bottle. Save a small amount of lysate
prior to loading sample onto the column. This will serve as the
pre-chromatography sample for SDS-PAGE analysis.
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5. Incubate the agarose mixture at 4 �C for at least 30 min with
gentle rotation.

6. In batches, apply the incubated agarose to the 20 mL column
and allow the lysate to drain until it reaches the top of the
agarose bed (see Note 8). Save a small amount of the flow
through for SDS-PAGE analysis.

7. Wash the agarose with 3 BV of wash buffer and then wash the
agarose with 2 BV of equilibration buffer. Upon complete
draining of the equilibration buffer, plug the column. Save a
small amount of wash sample for SDS-PAGE analysis.

8. Apply ~ 3 BV of elution buffer to the plugged column and cap
the column. Mix the agarose with the elution buffer by invert-
ing the capped column. Incubate the agarose in elution buffer
for at least 10 min at 4 �C.

9. Remove the column’s plug and cap. Allow the PAT-containing
elution to drain into a collection tube. Store the elution at 4 �C.
Save a small sample for SDS-PAGE analysis.

10. Analyze collected fractions from above steps by SDS-PAGE
(see Note 9). Load 10 μl of each sample on SDS-PAGE gel
(Fig. 1).

Fig. 1 SDS-PAGE of PAT purified from E. coli lysate using Reactive brown
10-agarose. Proteins were separated by SDS-PAGE on a 4–20 % (w/v) Tris
glycine gel and stained with InstantBlue. Lane 1: molecular weight markers
(Bench Mark prestained, Invitrogen, Carlsbad, CA), Lane 2: an E. coli-produced
PAT protein standard, 1 μg, Lane 3: soluble E. coli cell extracts, Lane 4: Reactive
brown 10 flow through, Lane 5: wash, Lane 6: elution. Ten μl of sample was loaded
in each lane
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3.2 Purification

of PAT from

Transgenic Plant

Tissues

1. Grind approximately 20 g of pre-chilled transgenic plant tissues
(see Note 10) expressing the PAT protein (see Note 1) using a
laboratory mill or other grinders.

2. Mix 10 g of the powder with 100 mL of equilibration buffer.

3. Incubate for 2 h with a gentle rotation at 2–8 �C. Clarify the
extract by centrifugation at 20,000 � g for 10 min at 4 �C.
Collect the supernatant. Save a small amount of the extract for
SDS-PAGE analysis

4. Add 1MCaCl2 to a final concentration of 10 mM. Incubate on
wet ice for ~ 0.5 h. Centrifuge at 20,000 � g for 20 min.
Collect the supernatant. Save a small amount of the sample
for SDS-PAGE analysis.

5. Transfer ~ 2 mL 50 % agarose resin slurry to a 20 mL open
column. Follow steps 1–9 of Subheading 3.1 to collect purified
PAT protein.

6. Analyze collected fractions from above steps by SDS-PAGE
(seeNote9). Load10μl of each sample on SDS-PAGEgel (Fig. 2).

Fig. 2 SDS-PAGE of PAT purified from transgenic cottonseed using Reactive
brown 10-agarose. Proteins were separated by SDS-PAGE on a 4–20 % (w/v)
Tris glycine gel and stained with InstantBlue. Lane 1: molecular weight markers
(Bench Mark prestained, Invitrogen, Carlsbad, CA), Lane 2: an E. coli-produced
PAT protein standard, 3 μg, Lane 3: Transgenic cottonseed extracts, Lane 4:
Transgenic cottonseed extracts after treated with 10 mM CaCl2, Lane 5:
Reactive brown 10 flow through, Lane 6: Elution from Reactive brown 10. Ten
μl of sample was loaded in each lane
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4 Notes

1. Two PAT proteins have been identified and characterized [10].
One is encoded by the bar gene from Streptomyces hygroscopicus
and the other by the pat gene from Streptomyces viridochromo-
genes. The method described here was developed for purifica-
tion of the bar-encoded PAT from any soluble extracts.
However, optimization of the method may be necessary if
one plans to purify the pat-encoded PAT or other PAT homol-
ogous proteins.

The E. coli PAT-containing cells are harvested by centrifuga-
tion (5,000 � g for 20 min). The cell pellet is resuspended in
20 mM Tris, pH 8.0 at approximately a 1:20 pellet weight to
buffer volume ratio, and lysed by sonication, french press or
other cell disrupter device. The cell lysate is clarified by centri-
fugation at 20,000 � g for 15 min at 4 �C. The clarified cell
lysate is collected for protein purification.

2. The procedure described below is for coupling the dye to
50 mL of Sepharose CL-4B. Reactive dyes are supplied as
practical grades with varying amounts of additives to stabilize
the dyes. Therefore, we prefer to remove these additives prior
to coupling to the gel matrix. Weigh out 5 g of Reactive brown
10 dye and wash the dye with 100 mL of technical grade
acetone for 30 min on a rocker plate. Recover the acetone-
washed dye on a sintered glass funnel equipped with a 0.45 μM
filter disc. Allow the acetone to evaporate from the resin for a
short period in a fume hood. Take the dried powder (~4.5 g)
and suspend in 150 mL of 0.5 M HCl. Allow the dye to wash
on a rocker plate for 30 min. Recover the acid washed dye by
filtration as before. Rinse the dye with a small amount of
acetone to displace the water, and air dry in a fume hood. If
the washed dye is not used immediately, store desiccated. Take
50 mL of Sepharose CL-4B resin and wash with 2 L of reagent
grade water using a disposable filter flask (e.g., 0.45 μM cellu-
lose acetate membrane). Place the washed resin in a 250 mL
polypropylene shaker flask with baffles on the bottom. Add
50 mL of reagent grade water and allow to mix a 60 �C in a
shaking water bath (rpm ¼ 65) for 30 min. Dissolve 0.5 g of
washed dye in 15 mL of reagent grade water. Slowly add the
dye solution to the resin and allow mixing for 30 min at 60 �C.
Add 7.5 g of NaCl to the dye-resin mix and allow mixing at
60 �C for 1 h. Increase the temperature to 80 �C and add 1.5 g
of sodium carbonate. After 2 h, add 0.75 g more sodium
carbonate. Allow mixing for overnight. Remove the resin
from the reservoir and wash with large amounts of water and
1 M NaCl until the filtrate is nearly colorless. Store the dye at
4 �C in the presence of 1 M salt (NaCl or KCl). Azide
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(0.02 % w/v) can be added for long-term storage. It should be
noted that much higher loadings of triazinyl dyes (such as
Reactive brown 10) on an agarose matrix can be achieved by
conversion of matrix hydroxyl groups to amino or sulfhydryls
by treatment of epichlorohydrin-activated agarose with ammo-
nia or sodium sulfide. However, the synthesis of N-linked or S-
linked dyes is more expensive and requires fume hoods for a safe
experiment.

3. Diluted HCl (6 N) can be used at first to adjust pH close to 8,
and then use 1 N HCl to make pH to 8.0.

4. This wash buffer will help to produce pure PAT from either
E. coli or plant extract, but it may lead to the elution of a
portion of the PAT protein during the wash step. To increase
the yield, 0.3 M phosphate (pH 7.2) instead of the wash buffer
may be used for the wash step. This, however, may lead to a
decrease in purity of the final eluted PAT protein. To prepare
0.3 M phosphate (pH 7.2): Weigh 1.2 g NaH2PO4 H2O and
3.8 g Na2HPO4· 2H2O. Transfer to a 200 mL beaker and add
~80 mL water. Dissolve and add water to 100 mL.

5. Prepare 10� running buffer (0.25 M Tris, 1.92 M glycine).
Weigh 30.3 g Tris and 144 g glycine, adjust volume to 1 L with
water, and mix. Dilute 100 mL of 10� running buffer with
890 mL of water, mix well, and add 10 mL of 10 % SDS
solution. Care should be taken to add the SDS solution last
and to mix gently, since it makes bubbles.

6. This method is prepared to purify PAT protein from 100 mL of
E. coli cell culture. One gram E. coli cell paste can produce
up to 10 mg PAT protein. One milliliter of Reactive brown
10-agarose can produce 1.6 mg PAT protein. You can propor-
tionally scale up or down according to the amount of cell
extract/lysate you start with.

7. This chromatography can easily be conducted using gravity
flow. You also can use a glass column with column adaptor
and pump.

8. If the flow rate is too slow, you can resuspend the agarose resin
by inverting the capped column a couple of times and then
allowing the buffer to drain.

9. Each aliquot of protein is mixed with 5� SDS loading buffer to
a final concentration of 1� SDS loading buffer, and heated at
95 �C for 5 min. A 10-well pre-cast Tris-glycine 4–20 % (w/v)
polyacrylamide gradient mini-gel is loaded into a XCell Sure-
Lock™ Mini-Cell (Invitrogen). Fill the inner buffer chamber
with 1� Running Buffer (see Note 5). Load 10 μl of each
sample onto the gel. Electrophoresis is performed at a constant
voltage of 125 V for 90 min. Proteins are stained by placing the
gel in a solution of InstantBlue stain for ~ 1 h. The gel is
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destained in water for ~1 h. Analysis of the gel is performed
using a densitometer. If desired, collected fractions may also be
analyzed by A280, ELISA, or Western blot.

10. If one plans to isolate PAT from PAT transgenic oilseeds, it is
important to defat prior to protein isolation. For defatting,
transfer the ground powder (20 g) to a 500 mL glass beaker.
Add 200 mL of hexane and stir the mixture with a glass rod for
0.5–1 min. Incubate the powder for 30 min at room tempera-
ture and allow the powder to settle to the bottom of the beaker.
Decant (carefully pour) the liquid into the center of the funnel
with a filter paper, being careful not to let the level of liquid rise
above the top edge of the filter paper. Initially, transfer only
the liquid portion of the mixture. Repeat extraction two more
times. Air dry the powder at room temperature and then use it
for protein extraction. Defatting is not necessary if leaf tissue or
other grain materials such as corn is used.
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Chapter 4

Antibody Purification from Human Plasma
by Metal-Chelated Affinity Membranes

Handan Yavuz, Nilay Bereli, Fatma Yılmaz, Canan Armutcu,
and Adil Denizli

Abstract

Immobilized metal ion affinity chromatography (IMAC) has been used for purification of proteins. IMAC
introduces a new approach for selectively interacting biomolecules on the basis of their affinities for metal
ions. The separation is based on different binding abilities of the proteins to the chelated metal ions on
support. Here, N-methacryloyl-(L)-histidine methyl ester (MAH) is used as the metal-chelating ligand.
Poly(hydroxyethyl methacrylate) Poly(HEMA) based membranes were prepared by photo-polymerization
technique. Then, Zn2+, Ni2+, Co2+, and Cu2+ ions were chelated directly on the poly(HEMA-MAH)
membranes for purification of immunoglobulin G (IgG) from human plasma.

Key words IMAC, Affinity membranes, Antibody purification, Immunoglobulin-G, Poly(HEMA)

1 Introduction

Immobilized metal ion affinity chromatography (IMAC) technique
is based on differences in the affinity of proteins for transition metal
ions bound to a metal-chelating substance which is immobilized on
a chromatographic support [1–4]. The dominating electron-
donating group in a protein is the imidazole side chain of histidine,
whereas theN-terminus of the protein contributes to a lesser extent.
In addition, the thiol group of cysteine would be a good electron
donor, but it is rarely present in the appropriate, reduced state [5].
The number of histidine residues in the protein is of primary impor-
tance in the overall affinity for chelated metal ions. In addition,
factors such as the accessibility, microenvironment of the binding
residue, cooperation between neighboring amino acid side chains,
and local conformations play important roles in biomolecule
adsorption [6]. Tryptophan also has some contributions [7].
The low cost of metals and the ease of regeneration of the supports
are the attractive features of metal affinity chromatography.
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Here, we employN-methacryloyl-(L)-histidinemethyl ester (MAH)
as a metal-complexing ligand for use in the IMAC for IgG purifi-
cation. Imidazole of MAH has a chelating property with transition
metal ions. MAH is polymerized with hydroxyethyl methacrylate
(HEMA). Poly(hydroxyethyl methacrylate) Poly(HEMA) based
microporousmembranes, which is widely used for biomedical appli-
cations due to their hydrophilicity, biocompatibility, and stability,
were produced by photo-polymerization [8, 9]. Then, Zn2+, Ni2+,
Co2+, and Cu2+ ions were chelated. IgG adsorption on the metal-
chelated membranes of proteins. The recognition range of
metal ions for surface histidine of proteins followed the order:
Cu2+ > Ni2+ > Zn2+ > Co2+. This affinity trend agrees well
with reported tendencies of chelated metal ions for various surface
histidine residue distributions.

2 Materials

Wash all glassware with dilute nitric acid before use. Purify all water
used in this study using reverse osmosis unit with a high flow
cellulose acetate membrane followed by organic/colloid removal
and ion exchange packed-bed system (attained a specific conductiv-
ity of 18 MΩ cm at 25 �C). Prepare and store all buffer and sample
solutions at room temperature. Filter buffer and sample solutions
through a 0.2 μm membrane.

2.1 MAH Ligand

Components

1. 5.0 g L-histidine methylester.

2. 0.2 g hydroquinone.

3. Dichloromethane solution.

4. 12.7 g triethylamine.

5. 5 mL methacryloyl chloride.

6. Prepare 10 % NaOH solution.

2.2 Poly(HEMA-MAH)

Membrane

Components

1. 5 mg AIBN.

2. 100 mg N-methacryloyl-(L)-histidine methyl ester (MAH).

3. 2 mL hydroxyethyl methacrylate (HEMA).

4. 3 mL 0.1 M SnCl4 solution.

5. Round glass mold.

6. Perforator.

2.3 Chelation

of Metal Ions

components

1. Prepare 30 mg/L single metal ion solutions (Zn2+, Ni2+, Co2+,
Cu2+) (see Note 1).

2. Prepare pH 5.0 buffer solution (see Note 2).
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3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Synthesis

of N-methacryloyl-

(L)-histidine

methylester (MAH)

1. Weigh 5.0 g of L-histidine methylester and 0.2 g of hydroqui-
none and place in a glass beaker. Dissolve in 100 mL of dichlor-
omethane solution (see Note 3).

2. Add 12.7 g triethylamine to this solution.

3. Pour 5.0 mL of methacryloyl chloride into this solution and stir
for 2 h (see Note 4).

4. Extract hydroquinone and unreacted methacryloyl chloride
with 10 % NaOH solution at the end of the chemical reaction
period.

5. Evaporate aqueous phase in a rotary evaporator.

6. Crystallize the MAH residue in an ether–cyclohexane mixture
and then dissolve in ethyl alcohol.

3.2 Preparation

of Poly(HEMA-MAH)

Membranes

1. Dissolve 5 mg of AIBN and 100 mg of N-methacryloyl-(L)-
histidine methyl ester (MAH) in 2 mL of HEMA monomer.

2. Add 3 mL of 0.1 M SnCl4 into this mixture (see Note 5).

3. Pour this mixture into a round glass mold (9.0 cm in diameter)
and expose to ultraviolet radiation (300 W) for 10 min under
nitrogen atmosphere.

4. Wash the obtained poly(HEMA-MAH) membranes with dis-
tilled water and ethyl alcohol several times.

5. Cut into circular pieces (0.5 cm in diameter, thickness: 350 μm)
with a perforator.

6. Wash the poly(HEMA-MAH) membranes with 200 mL of
water and store in a buffer containing 0.02 % sodium azide
(NaN3) at 4

�C until use (see Note 6).

3.3 Chelation

of Metal Ions

1. Treat 20 mL of aqueous metal ion solutions (30 mg/L) with
the poly(HEMA-MAH) membranes for 2 h (see Note 7).

2. Stir the flask magnetically at an agitation rate of 100 rpm at
room temperature (25 �C).

3. After the desired treatment periods, measure the concentration
of the metal ions in the aqueous phase using a graphite furnace
atomic absorption spectrophotometer (see Note 8).

4. Perform the experiments in replicates of three and analyze the
samples in replicates of three (see Note 9).
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4 Notes

1. Use nitrate salts for preparing standard metal ion solutions.

2. Adjust pH with HCl and NaOH.

3. After stirring this solution magnetically at room temperature it
must be cooled down to 0 �C.

4. Pour methacryloyl chloride slowly into this solution and stir
magnetically at room temperature for 2 h.

5. Degas this polymerization mixture under vacuum for 5 min to
eliminate soluble oxygen.

6. Add 0.02 % sodium azide solution to the poly(HEMA-MAH)
membranes to prevent microbial contamination and store at
4 �C.

7. Batch adsorption-equilibrium time: 2 h.

8. Check the instrument response periodically with known metal
solution standards.

9. For each set of data present, use the standard statistical meth-
ods to determine the mean values and standard deviations.
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Chapter 5

Specific Recognition of Supercoiled Plasmid DNA by Affinity
Chromatography Using a Synthetic Aromatic Ligand

Catarina Caramelo-Nunes and Cândida T. Tomaz

Abstract

Liquid chromatography is the method of choice for the purification of plasmid DNA (pDNA), since it is
simple, robust, versatile, and highly reproducible. The most important features of a chromatographic
procedure are the use of suitable stationary phases and ligands. As conventional purification protocols are
being replaced by more sophisticated and selective procedures, the focus changes toward designing and
selecting ligands of high affinity and specificity. In fact, the chemical composition of the chromatographic
supports determines the interactions established with the target molecules, allowing their preferential
retention over the undesirable ones. Here it is described the selective recognition and purification of
supercoiled pDNA by affinity chromatography, using an intercalative molecule (3,8-diamino-6-phenylphe-
nanthridine) as ligand.

Key words Supercoiled plasmid DNA, Affinity chromatography, 3,8-Diamino-6-phenylphenanthri-
dine, DAPP-Sepharose, Affinity purification

1 Introduction

Among the existing downstream process methods, liquid
chromatography is the preferred choice for process-scale therapeu-
tic plasmid DNA (pDNA) manufacturing [1]. Chromatographic
purification is a mandatory process in therapeutic pDNA produc-
tion for the removal of impurities and assessment of the purity of
pDNA solutions. The purification step should include the separa-
tion of the more biologically active supercoiled (sc) pDNA from its
other isoforms, together with the removal of important impurities
such as proteins, genomic DNA (gDNA), endotoxins, and RNA
[2]. Chromatographic techniques for pDNA purification can be
based on differences in size, charge, hydrophobicity, and affinity
of the different molecules in a mixture. As a result, chro-
matographic methodologies can be labeled as size-exclusion,
anion-exchange, hydroxyapatite, hydrophobic interaction,
reverse-phase, reverse-phase ion-pair, thiophilic adoption, and
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affinity chromatography [1–3]. The flexibility and specific
characteristics of chromatographic processes are not only caused
by the different type of matrix that can be used, but also by the
various immobilized agents or ligands that can be attached to the
solid matrices [4]. As a consequence, the choice of the ligand is of
extreme importance for the development of a successful purifica-
tion method, since it plays a major role in the specificity and stability
of the system [4]. Affinity chromatography is becoming one of the
most powerful techniques for the purification of pharmaceutical
grade pDNA. Since its introduction by Cuatrecasas et al. [5], many
different molecules and even cells have already been purified by
affinity chromatography [6–9]. It is a unique chromatographic
method since the separation and purification of biomolecules is
achieved on basis of biomolecular recognition by other biomole-
cules or analogs [10]. pDNAmolecules are retained in the columns
due to highly specific but reversible interactions, similar to those
found in many biological systems like antibody–antigen or enzy-
me–substract [11, 12]. This strong specificity between the immo-
bilized ligands and pDNA can involve electrostatic, hydrophobic,
hydrogen bonding, and van der Waal’s interactions [13].

The identification, selection, and design of novel ligands is then
crucial for the successful progress of affinity methods, since its
selectivity, specificity, reproducibility, economy, and pDNA recov-
ery may depend upon them [14, 15]. Thus, herein is described an
affinity chromatographic method that enables the separation and
purification of sc pDNA from its most common contaminants. The
DNA intercalator 3,8-diamino-6-phenylphenanthridine (DAPP)
was chosen as ligand, since this aromatic ligand is known for bind-
ing specifically to DNA [16, 17].

2 Materials

All solutions must be prepared using ultrapure water and analytical
grade reagents.

2.1 Preparation

of the Affinity Support

1. Sepharose CL-6B.

2. Sintered glass funnel and vacuum filtration system.

3. 0,6 M sodium hydroxide: Dissolve 0.24 g of NaOH in 7 mL of
water, mix and transfer to a volumetric flask. Make up to 10 mL
with water. Store at room temperature.

4. Sodium borohydride (NaBH4).

5. 1,4-Butanediol diglycidyl ether.

6. Bath with orbital agitation.

7. 2 M sodium carbonate: Dissolve 1.68 g of sodium carbonate in
7 mL of water, mix and transfer to a volumetric flask. Make up
to 10 mL with water. Store at room temperature.
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8. 3,8-diamino-6-phenylphenanthridine (DAPP).

9. Ethanol: 70 % solution in water.

10. Ethanol: 20 % solution in water.

2.2 Supercoiled

pDNA Purification

by Affinity

Chromatography

1. 10 cm � 10 mm glass column.

2. Fast Protein Liquid Chromatography (FPLC) system.

3. Clarified pDNA lysate solution (it can be prepared as reported
[18]) (see Note 1).

4. Equilibration and injection buffer: 10 mM sodium acetate
buffer pH 5. Weigh 0.82 g of sodium acetate and transfer it
to a 1,000 mL glass beaker. Add about 900 mL of water, mix
and adjust the pH with acetic acid (see Note 2). Transfer the
solution to a 1,000 mL volumetric flask and make up to 1 L
with water. Store at 4 �C (see Note 3).

5. Elution buffer A: 10 mM sodium acetate buffer pH 5, 0.22 M
sodium chloride. Weigh 0.82 g of sodium acetate and 12.857 g
of sodium chloride and transfer them to a 1,000 mL glass
beaker. Add about 900 mL of water, mix and adjust the pH
with acetic acid. Transfer the solution to a 1,000 mL volumet-
ric flask and make up to 1 L with water. Store at 4 �C.

6. Elution buffer B: 10 mM sodium acetate buffer pH 5, 0.55 M
sodium chloride. Weigh 0.82 g of sodium acetate and 32.142 g
of sodium chloride and prepare 1 L solution as in previous step.
Store at 4 �C.

3 Methods

3.1 Preparation

of the Affinity Support

Firstly, the solid Sepharose CL-6Bmatrix is epoxy-activated accord-
ing to the method of Sundberg and Porath [19] and then coupled
to the affinity ligand 3,8-diamino-6-phenylphenanthridine
(DAPP). Herein is explained how to make a small amount of
derivatized gel; however, to produce greater amounts just improve
in a proportional manner, the quantities of all reagents involved.

1. Filter a small quantity of Sepharose CL-6B and wash it with
large volumes of deionized water using a sintered glass funnel
with a vacuum filtration system.

2. Mix 5 g of moist filtered gel with 5 mL of 0.6 M NaOH
solution containing 50 mg of NaBH4 and 5 mL of 1,4-
butanediol diglycidyl ether in an Erlenmeyer flask.

3. Swirl the mix at 25 �C for 8 h using a bath with orbital agitation
(see Note 4).
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4. Wash the epoxy-activated gel with large volumes of deionized
water, using a sintered glass funnel. Suction-filter the gel to
near dryness.

5. Mix 3 g of dry epoxy-activated Sepharose with 4 mL of a 2.0 M
sodium carbonate solution containing 500 mg of DAPP in an
Erlenmeyer flask (see Note 5).

6. Swirl the mix at 70 �C for 16 h using a bath with orbital
agitation (see Note 6).

7. Wash the derivatized Sepharose with large volumes of deio-
nized water and a 70 % ethanol solution to remove the excess of
ligand and sodium carbonate.

8. Store the derivatized gel at 4 �C in a 20 % ethanol solution.

3.2 Supercoiled

pDNA Purification

by Affinity

Chromatography

The samples of clarified pDNA lysate solutions can be prepared
using the operator’s most convenient lab protocol; however, the
final samples should be obtained in a 10 mM sodium acetate buffer
pH 5 (e.g., redissolve the final lysate pellets in this buffer). The
entire procedure should be carried out at room temperature and at
a flow rate of 1 mL/min. Plasmid DNA containing samples should
be kept in ice at all times.

1. Pack a 10 cm � 10 mm column with the DAPP-derivatized gel
(approx. 2.5 mL) and connect it to a Fast Protein Liquid
Chromatography (FPLC) system (see Note 7).

2. Equilibrate the column with equilibration buffer at a flow rate
of 1 mL/min (see Note 8).

3. Inject 25 μL of pDNA clarified samples, in the same buffer, with
a concentration of 600 μg/mL of nucleic acids (see Note 9).

4. Continue to pass the equilibration buffer for at least 5 min.

5. Change the buffer to the elution buffer A. The impurities such
as RNA and open circular (oc) pDNA will elute in this step
(Fig. 1) (see Note 10).

6. Change the buffer to the elution buffer B after 10 min. The sc
pDNA will elute in this step (Fig. 1) (see Note 11).

7. After the complete elution of sc pDNA, re-equilibrate the
column with 10 mM sodium acetate buffer pH 5 to prepare it
for another run.

8. After all chromatographic runs, wash the column with at least
five volumes of water (see Note 12).

3.3 Analysis

and Further Use

of Pooled Fractions

All fractions should be pooled according to the obtained chromato-
grams, then concentrated and desalted using a convenient protocol
(seeNote 13) that allows further analysis and studies (seeNote 14).
Nucleic acid concentration can be quantified by measuring the
absorbance at 260 nm.
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4 Notes

1. Usually the clarification is accomplished with ammonium sul-
fate precipitation, which leaves final solutions with high ionic
strength. Therefore, independently of the method used to
obtain the clarified cell lysates, it is very important to desalt
the solution before injection, since the presence of salt will
affect the chromatographic behavior.

2. When adjusting the pH, use a diluted acid solution of one part
acid and two parts water.

3. Even at 4 �C, this buffer degrades easily, so it is best to prepare
it fresh each time (maximum 1 day old).

4. It is imperative that you use a bath with orbital agitation and
not a magnetic stir bar with a stir hot plate since Sepharose
spheres can get destroyed with the spinning of the stir bar.

5. The ratio ligand: Sepharose used was 1:6; however, the quantity
of DAPP can be improved to increase the ligand density.

Fig. 1 Supercoiled pVAX1-LacZ (6.05 kbp) chromatographic separation from host
cell impurities present in clarified feed solutions, using DAPP-Sepharose support.
Peak 1: impurities eluted with 0.22 M of NaCl in 10 mM sodium acetate buffer
pH 5; Peak 2: sc pDNA fractions collected after elution with 0.55 M NaCl in
10 mM sodium acetate buffer pH 5
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6. During the 16 h much of the water in the orbital bath will
evaporate, so take special attention in this step and make sure
you put enough water in the bath. Also, do not close the
Erlenmeyer completely since the high temperature will produce
some solution evaporation which will increase the pressure
inside the flask.

7. We find that it is easier and faster to pack the column using the
FPLC system. Simply connect the "in" end of the column to
the system, place the gel in the column and use the constant
flow to avoid air bubbles. Do not let the gel dry.

8. All buffer solutions must be filtrated prior to use, ideally with a
0.2 μm membrane filter and a vacuum system.

9. Nucleic acid concentration can be quantified by measuring the
absorbance at 260 nm and considering molar absorptivity
ε ¼ 0.020 (μg/mL)�1 cm�1.

10. We found that different pDNA sizes may affect the sodium
chloride concentration needed for this elution step. A concen-
tration of 0.22 M was used for a pDNA molecule of approxi-
mately 6 kbp, however for higher size molecules (about
12 kbp) this concentration should be increased to 0.3 M.

11. Once more, the sc pDNA concentration can be quantified by
measuring the absorbance at 260 nm. Depending on the final
purpose of collected sc pDNA, more than one run might be
necessary to increase its concentration.

12. After washing the column with water it can be cleansed with
70 % ethanol and stored in 20 % ethanol.

13. Usually this is achieved using membrane or chromatographic
protocols. In our lab, we find it easier to use concentrators: the
fractions pooled are concentrated to the desired volume (usu-
ally around 200 μL) by centrifugation of the samples at
1,800 � g; then the concentrators should be filled with the
equilibration buffer and centrifugated again.

14. This procedure was optimized to achieve the successful purifi-
cation of sc pDNA; however, oc pDNA can sometimes occur in
the final solutions due to pDNA samples manipulation. Thus,
agarose gel electrophoresis is the fastest and simplest way for
verifying the presence of major contaminants in sc pDNA frac-
tions (Fig. 2).
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Chapter 6

Cell Affinity Separations on Microfluidic Devices

Yan Gao, Wenjie Li, Ye Zhang, and Dimitri Pappas

Abstract

Separating cells from a heterogeneous sample on microfluidic devices is a very important unit operation in
biological and medical research. Microfluidic affinity cell chromatography is a label-free separation tech-
nique, providing ease of operation, low cost, and rapid analysis. In this chapter, protocols for cell affinity
separation in polydimethylsiloxane (PDMS)–glass microdevices and glass capillaries are described.

Key words Microfluidic device, Affinity chromatography, Cell separation, Polydimethylsiloxane,
Glass capillaries

1 Introduction

Separating and sorting cells from a heterogeneous mixture is a
fundamental step in basic biological and clinical science [1]. Enrich-
ing a specific cell type of interest beforehand simplifies subsequent
experimental design. For example, testing a potential anticancer
drug requires isolation of cancer cells from biopsy samples. Clinical
disease diagnosis would also benefit from obtaining a pure popula-
tion of cells, such as enriching circulating tumor cells (CTCs) [2]
and enumerating certain types of leukocytes. Microfluidic or lab-
on-a-chip devices are amenable to many cell affinity separation
strategies [3]. Microfluidic devices can provide miniaturized cell
sorting and precise control of fluids [4]. Microfluidic methods have
been applied to both physical- and affinity-based separations [5].
Cell separations can be conducted by taking advantage of physical
differences or different cell behaviors under external forces, such as
acoustic, hydrodynamic, electric, and magnetic forces [6]. How-
ever, those techniques can be only applied to cells with large differ-
ences in physical properties. When it comes to physically similar
cells, separation approach based on cell surface marker expression
must be used. These approaches include Fluorescence Activated
Cell Sorting (FACS), Magnetic Activated Cell Sorting (MACS),
and affinity separation [7–9]. Among them, affinity separation is
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low cost, easy to operate, and provides rapid analysis [10]. In this
chapter, we focus on protocols of microfluidic cell affinity separa-
tion using a PDMS–glass sandwich device and glass capillaries. This
approach is straightforward and can be readily adapted in most
laboratories with minimal investment.

2 Materials

All solutions are prepared using deionized water (with a sensitivity
of 18 MΩ cm at 25 �C) and analytical grade reagents. All waste
materials are disposed according to waste disposal regulations.

2.1 PDMS–Glass

Microdevices

Fabrication

1. Polydimethylsiloxane (PDMS). Store at room temperature.

2. PDMS–curing agent. Store at room temperature.

3. SU8-2015. Store in inflammable cabinet at room temperature.

4. SU-8 developer. Store in inflammable cabinet at room
temperature.

5. Isopropanol. Store in inflammable cabinet at room
temperature.

6. 1H, 1H, 2H, 2H–Perfluorooctyltrichlorosilane. Store at 4 �C.

7. Tris(hydroxymethl)aminomethane hydrochloride acid
(Tris–HCl). Dissolve desired amount of Tris in deionized
H2O. Adjust pH to 8.0 with the appropriate volume of
concentrated HCl. Add some more deionized water to final
volume. Store at room temperature.

8. Biotin-conjugated bovine serum albumin solution (biotin-
BSA): 1 mg/mL in 10 mM Tris–HCl, pH 8.0, 50 mM NaCl.
Store at 4 �C.

9. Neutravidin solution: 0.2 mg/mL in 10 mM Tris–HCl buffer.
Store at 4 �C.

10. AntihumanCD4–biotin (antiCD4-biotin) solution: 0.5mg/mL,
diluted with PBS to desired concentration. Store at 4 �C.

2.2 Glass Capillary

Devices

1. 100–250 μm inner diameter silica capillary. The outer diameter
is not critical. In this chapter, 150 μm inner diameter, 350 μm
outer diameter silica capillary was used.

2. Capillary cutter, to ensure clean cuts.

2.3 Cells and Cell

Culture

1. Phosphate-buffered saline pH 7.4 (PBS). Store at room
temperature.

2. Bovine serum albumin solution (BSA): Dissolve 3 g BSA in
100 mL PBS. Store at 4 �C.
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2.4 Equipment 1. Syringe pump(s) to introduce reagents into devices/capillaries
and for control of cell flow and washing.

2. Spin coater. Any spin coater with a vacuum chuck can be used
for spin coating of wafers with photoresist.

3. Plasma cleaner. An O2 or air plasma cleaner is used to seal
PDMS to glass to finish assembly.

3 Methods

3.1 PDMS–Glass

Sandwich

Microdevices

Fabrication

3.1.1 Photolithography

Photolithography is used to create a channel design and small
features on a silicon wafer, which can be used as a mold for
PDMS. Generally, the procedure consists of the following parts:
computer-aided design, mask printing, photoresist spin-coating,
pre-heating, exposure, development, and post-baking.

Computer-Aided Design The microfluidic design is drawn on a computer by software such as
AutoCAD or Adobe Illustrator and printed at 20,000 dpi by a
commercial printing service. The background is set black and the
channel is set white for negative photo resists, such as SU-8.
For multilayer microfluidic device, the design for each layer should
be drawn separately. We have included example masks of separation
devices used in our laboratory (Fig. 1).

Photoresist Spin-Coating,

Pre-heating, Exposure,

Development, and

Post-baking

1. Apply personal protective equipment. Turn on spin coater, hot
plate, and UV lamp. Reduce room lights.

Place a clean 40 Silicon wafer (seeNote 1) on the spin coater.
Turn on the air pump of spin coater and open the gas valves.
Apply a vacuum to the spin coater chuck to hold the wafer in
place. Pour about 4 mL of photoresist SU8-2015 in the center
of silicon wafer. Spin coat at 500 � g for 30 s, which will result
in a 15 μm thick photoresist layer (see Note 1).

2. Pre-bake the silicon wafer at 95 �C for 6 min on a hot plate.

3. Put the mask on the wafer and expose under UV lamp
(10 mJ/cm2 · s) for 10 s (Fig. 2) (see Note 2).

4. Post-bake the silicon wafer at 95 �C for 6 min.

5. Put the wafer in a glass dish. Pour some SU-8 developer into
the container to just cover the wafer surface and gently shake it
for 3 min. Wash with isopropanol. Repeat the wash step a
second time and take out the wafer and air dry (see Note 3).

6. Bake the wafer at 200 �C for 10 min to ensure mechanical
stability of the coating.

7. Place the wafer in a desiccator on a paper towel. Add four drops
of 1H, 1H, 2H, 2H-Perfluorooctyltrichlorosilane in each
corner of paper towel. This step promotes removal of PDMS
from the mold. Expose the wafer to the vapor under vacuum
overnight (see Note 4).
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Fig. 1 Example microfluidic designs drawn by Adobe Illustrator. Fluidic circuits are drawn in Illustrator or
AutoCAD (or similar software). For negative photoresists, the channels are transparent; for positive photo-
resists, they are black on transparent background. The example shown here (a) is a microfluidic mask where
the sample (flow is left to right ) is split into eight identical channels. Each channel is then comprised of six
affinity units. A second mask (b) creates a second layer on the chip, so that the resulting channel is a 3D flow
system (c)
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3.1.2 Soft Lithography Soft lithography creates a replica of the chip from PDMS with the
silicon wafer mold. The procedure consists of following parts:
casting, curing, removal, punching, and sealing.

Single layer soft lithography is used to prepare a one-layer
microfluidic chips.

1. Weigh 5 g of PDMS and 0.5 g of the curing agent (10:1 ratio,
see Note 5). Mix them together and stir thoroughly.

2. Place the PDMS in a vacuum desiccator and degas until no
bubbles are visible (approx. 30 min).

3. Prepare a frame with Scotch tape to confine the PDMS on the
wafer. Pour the PDMS–curing agent mixture on the wafer
(Fig. 3) (see Note 6).

4. Place wafer on a hot plate at 95 �C for 1 h to cure the PDMS.

5. Carefully peel off the PDMS slab and punch holes at the channel
inlet and outlet using an 18 G blunt needle (seeNote 7).

6. Put the PDMS slab (channel side up) and a clean glass slides
into a plasma chamber. Close the lid and evacuate the chamber

Fig. 2 A collimated UV light source is used to expose the photoresist through the
mask. While a mask aligner can be used, for simpler devices the mask can be
placed on the wafer and manually aligned. In this figure a 400 wafer was exposed
through an affinity chip mask (see Fig. 1 for example). The exposure time
depends on the light source power as well as the photoresist formulation and
thickness
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for 3 min. Then let the oxygen flow for 1.5 min. Follow the
plasma cleaner’s instruction to set up an O2 plasma for 1 min.
Turn off the RF, power, oxygen, and pump. Take out the
PDMS slab and glass slide. Gently place the PDMS on the
glass slide and press slightly to enhance sealing. Heat the chip
at 100 �C (see Note 8).

7. Insert 30 G Teflon tubing (i.d. ¼ 300 μm) at the inlet and
outlet and seal the interface with a small drop of PDMS–curing
agent mixture. Heat the chip at 100 �C for 10 min.

3.1.3 Multilayer Soft

Lithography

A typical multilayer chip consists of two parts: a pump layer, which
is also the control layer, and flow layer (Fig. 4). The pump layer has
channels that act as valves between different regions in the lower
channels. The flow layer has channels for liquid flow. By controlling
the opening or closing of gas valves, flow control can be achieved in
the flow layer. The general protocol is illustrated in the following:

1. Follow the single layer device procedure of Subheading 2.1 to
make the control layer.

2. Weigh 5 g of PDMS and 0.2 g of curing agent (25:1 ratio) for
the flow layer.

3. Place flow layer wafer on the spin coater and pour 25:1
PDMS–curing agent mixture at the center. Spin coat at
5,000 � g for 30 s. Bake flow layer on the hot plate at 70 �C
for 30 min for partially curing.

Fig. 3 To create a PDMS device, a mixture of PDMS and curing agent is poured
over the exposed, developed, and processed wafer mold. A frame can be made
around the wafer using scotch tape, and then PDMS is poured and allowed to
cure at 95 �C for 1 h. The PDMS is then carefully removed from the wafer, cut to
size, and any required holes are punched
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4. Remove the PDMS slab from control layer wafer and punch
holes at each inlet of gas.

5. Place control layer on the flow layer and align them with the
markers on them and gently press to seal tightly. Cure on the
hot plate at 120 �C for 2 h (see Note 9).

6. The following steps are the same as single layer chip fabrication
described above.

3.1.4 Affinity Surface

Modification

To modify the affinity surface of straight channel microfluidic chip,
the modification procedure is summarized as follows (Fig. 5):

1. 10 μL of deionized water is first loaded to rinse straight channel.
After the channel is air dried, a 5 μL portion of Biotin-BSA
solution is loaded into the channel and incubated at room tem-
perature for 45 min. Then two times 10 μL portions of 10 mM
Tris–HCl buffer are loaded to wash out excess Biotin-BSA.

2. 5 μL of neutravidin solution is loaded into the channel and
incubated at room temperature for 15 min. 10 μL of 10 mM
Tris–HCl buffer and 10 μL of deionized water are loaded into
the channel to wash out excess neutravidin.

3. After air drying, the modified microfluidic device can be stored
at 4 �C. At this point, the entire affinity surface of straight
channel is covered by a layer of neutravidin (see Note 10).

Fig. 4 Final assembled multilayer chip. Green and red food coloring was
introduced in the channel to assist visualization. The chip shown here has an
antibody coating for one cell type (green) and a downstream antibody coating for a
second cell type (red). Control valves (air actuated) are used to confine the
antibodies to their respective region during chip coating. A single-channel device
such as this one, with multiple antibody regions, eliminates differences in flow
effects when separating multiple cell types. Reproduced with permission from [10]
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4. Prior to experiment, antibodies are coated onto affinity surface
of the channel. Taking monoclonal mouse antihuman
CD4–biotin as an example, 5 μL of antiCD4-biotin is intro-
duced into the straight channel from inlet and incubated at
room temperature for 20 min. Antibody concentrations are
varied by experiments.

3.2 Glass Capillary

Fabrication

Desired length of capillary is cut by ceramic and outside coating is
burned for better visualization on microscope. The surface modifi-
cation protocol is the same as in a PDMS–glass sandwich device as
described above in Subheading 3.1 [13]. A portion of biotin-BSA
solution is loaded into the capillary and incubated at room temper-
ature for 45 min. A portion of neutravidin solution is loaded into
the channel and incubated at room temperature for 15 min. Bio-
tinlyated antibodies are then linked onto surface for cell capture (see
Note 11). For a capillary of 10 cm length, 200 μm inner diameter,
each reagent loading volume is 3 μL.

3.3 Cells and Cell

Culture

Any cell mixture, like human whole blood, can be used in the chips
or capillaries. Before the experiment, cells are taken out from the
culture flask and concentrated by centrifugation. 3 % BSA in PBS is
used to resuspend cells. A typical cell concentration range in this
study is from 1,000 to 5,000 cells/μL. Cell counting prior to
separation can be achieved with hemacytometer.

3.4 Cell Separation

and Detection

Syringes and a syringe pump are used to load cell sample or buffer
into the separation device and control the flow rates. 30-G poly
(tetrafluoroethylene) (PTFE) tubings can be used to connect the
syringe and microfluidic device.

Fig. 5 Affinity surface modification process. Bovine serum albumin (BSA, white
circles) conjugated to biotin (black circles) is deposited onto the glass surface of
the chip or capillary. A layer of neutravidin (red squares) is added and the chip or
capillary is stored until needed. Prior to cell separation, the device is incubated
with biotinylated antibody to complete the surface conjugation

62 Yan Gao et al.



1. Before separation, 3 % BSA in PBS is loaded into the channel
with a syringe. Bubbles should be expelled.

2. Substitute the syringe containing 3 % BSA in PBS with a syringe
filled with the cell solution (see Note 12).

3. To minimize the cell loading time, a flow rate at 0.5 mL/h is
used to load cells into the chip. Once cells can be observed at
the inlet area under microscope, the flow rate is decreased to
0.05–0.1 mL/h for cell capture. The separation time varies
from 10 to 30 min. Besides the continuous flow mentioned
above, stop flow provides another option. Cells are injected
into the chip by hand or pump, and then let cells to settle for
30 min.

4. Captured cells are eluted either by shear flow or bubbles. A low
flow rate is first applied to wash out nonspecific cells if neces-
sary. Captured cells are recovered by a higher flow rate and
effluent is collected.

5. Immunostaining is applied to detect antigen-expressing cells.
Dye-conjugated antibodies are diluted to required concentra-
tions prior to analysis, and are injected into the chip after the
capture step or mixed with cells in the effluent.

6. Cells captured on the affinity surface or collected in the effluent
can be observed using an inverted epifluorescence microscope
and a 0.3 NA 10� objective lens. Appropriate filters are
needed to observe fluorescent dye-labeled cells. To record
images and videos, microscope is coupled to a cooled charge-
coupled device (CCD camera). Data are analyzed using appro-
priate software.

4 Notes

1. Mechanical grade 3–40 Si wafers can be used. For these applica-
tions, relatively inexpensive wafers produce excellent molds.
Proper eye protection, gloves, and a lab coat are required for
these steps. The thickness of the photoresist is controlled by
spin rate; check the photoresist product guide for approximate
film thicknesses obtained during spin coating.

Different spinning speeds can result in different thickness of
the photoresist layer which corresponds to the height of chan-
nel. Please refer to the manufacture data sheet of photoresist to
choose specific spinning speeds.

2. Optimal exposure time needs to be tested to one’s specific mask
design. Generally, longer exposure time may lead to better
adhesion of the photoresist on the silicon wafer; meanwhile,
more effects of light diffraction are observed thus can reduce
the resolution of micro features.
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3. During developing the wafer, do not shake too hard nor too
mildly. If you shake too hard when developing the wafer, it is
easy to wash off the micro feature. However, if you shake too
mildly, it is difficult to remove the unexposed photoresist.

4. After repeated usage, the wafer may lose its hydrophobicity
and make PDMS hard to be peeled off from the mold.
Then a recoating of the wafer with 1H, 1H, 2H, 2H-
Perfluorooctyltrichlorosilane is needed.

5. The manufacturer-recommended ratio of PDMS to curing
agent is 10:1 (w/w). However, a higher ratio will result in
more elastic PDMS and a lower ratio will result in a firmer
material.

6. One can also use a metal frame to confine PDMS, however it is
easy to break the wafer when detaching the PDMS from the
mold after PDMS is solidified.

7. Always punch holes from the side that has the channel feature.
This is to make sure punched holes are connected to channel.

8. Avoid pressing the channel closed, as the channel ceiling will
adhere to the glass right after plasma cleaning. After assembling
the chip, the heating step will facilitate thermal aging of PDMS,
so that it will lose its hydrophobicity. In the next step when
inserting the tubing, it will not clog channel and the channel
will not collapse either.

9. When pressing the layers to adhere, make sure to press down-
wards and avoid any horizontal movement.

10. Previous work from our group and other laboratories has
shown that biotin-BSA can effectively adhere to glass surface
[11, 12]. The affinity surface is completed by adding neutravi-
din and then a layer of biotinylated antibody. These modified
surfaces are able to withstand shear stress at flow rates for cell
separation. However, with much higher flow rates, the mod-
ified surface allows captured cells to be recovered or eluted.
In general, the affinity surface of our glass microfluidic chip
cannot be reused due to either denaturation of the antibody or
loss of the BSA–glass adhesion [13]. However, previous work
has shown that if biotinylated aptamers are used as alternatives
for antibodies, the affinity surface can be reused [14].

11. Use a 30 G tubing to connect capillary, and then use a syringe
to inject the reagent.

12. Care should be taken to avoid introducing bubbles in this step.
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Chapter 7

Aptamer-Modified Magnetic Beads in Affinity Separation
of Proteins

Guohong Zhu and Johanna-Gabriela Walter

Abstract

Aptamers are valuable alternative ligands for affinity separations. Here, we describe the aptamer-based
affinity separation of His-tagged proteins using an aptamer directed against the His-tag. The immobiliza-
tion of the aptamer to magnetic beads is described as well as the aptamer-based purification and proper
methods for the characterization of the process. Moreover, indications for the transfer of the process to
other aptamers are given.

Key words Aptamer, Affinity separation, His-tag, Protein purification, Magnetic beads

1 Introduction

Aptamers are short synthetic oligonucleotides generated by an
in vitro selection process termed systematic evolution of ligands
by exponential enrichment (SELEX) [1–3]. During the SELEX
process, aptamers are selected from combinational libraries contain-
ing approximately 1015 oligonucleotide sequences based on their
binding to a given target molecule [4]. This binding is facilitated by
the folding of the aptamer into a well-defined three-dimensional
structure. Based on their high affinity, aptamers can be used as
alternative affinity ligands and substitute antibodies in diverse appli-
cations including affinity separation [5]. In the context of affinity
separation, aptamers offer some advantages over antibodies which
can help to design affinity-based purification strategies. While anti-
bodies are restricted to physiological conditions, aptamers can be
generated under varying conditions during their in vitro selection.
This enables the design of affinity ligands that are functional under
desired conditions and thus allows to adopt aptamers to a given
purification problem [5]. Moreover, during SELEX also elution
strategies can be predefined to generate aptamers that release the
bound target, e.g. in response to a change in buffer composition.
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Here, the fact that the binding of the aptamer is based on its
three-dimensional structure is exploited. Consequently, the target
is released from the aptamer when this structure is destroyed. For
instance, by selecting aptamers with a three-dimensional folding
dependent on divalent ions, an elution of target with chelating
agents is enabled [6]. Other possible elution strategies that can be
predefined during SELEX include pH-shift, increased ionic
strength or heat denaturation of the aptamer [5]. Further major
advantages of aptamers include their high stability and the possibil-
ity to regenerate them by controlled unfolding and refolding of
their three-dimensional structure. Aptamers can be produced via
chemical synthesis in high quality and chemical groups can be
introduced at defined positions of the aptamer sequence during
the synthesis. This facilitates the coupling of the aptamer to a solid
support in a controlled orientation and can circumvent a loss of
affinity that can occur for ligands immobilized in a random
orientation.

Here, we describe the aptamer-based purification of His-tagged
proteins using the aptamer 6H7 directed against the His-tag [7, 8].
The aptamer was covalently immobilized to carboxyl-modified
magnetic beads via EDC coupling. The immobilized aptamer was
used to purify His-tagged Pseudomonas Fluorescens Esterase 1
(PFEI-His) [9] from E. coli lysate resulting in a purification effi-
ciency comparable to those obtained by conventionally applied
immobilized metal affinity chromatography (IMAC) [10]. Besides,
methods for the characterization of the aptamer-modified magnetic
beads and the purification process are provided. To enable a transfer
of the developed method to other aptamers that may require an
adoption of the process, adoption and optimization strategies are
indicated.

2 Materials

Prepare all solutions using high-quality double-distilled water
(ddH2O) and ultrapure reagents. All buffer solutions are filtered
through a 0.2 μm membrane prior to use.

2.1 Immobilization

of Aptamers to

Magnetic Beads

1. Aptamer: In this protocol, aptamer 6H7 synthesized with a 50

terminal amino C6 linker is used: NH2(C6)-GCTATGGGTG-
GTCTGGTTGGGATTGGCCCCGGGAGCTGGC [7]. Solve
the aptamer in high-quality DNase-free water to obtain a final
concentration of 100 μM. Aliquots are stored at 4 �C. For
long-term storage, the aptamer should ideally be stored in
lyophilized state.

2. Magnetic beads: In this protocol, BioMag Carboxyl-
terminated magnetic beads are used. The suspension contains
20 mg/mL magnetic beads and is stored at 4 �C.
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3. Coupling buffer: 25 mM 2-(N-morpholino)ethanesulfonic
acid (MES), pH 6.

4. EDC: 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) is used for coupling. EDC is stored at �20 �C. Freshly
prepare a 10 mg/mL solution of EDC in ice-cold 25 mMMES
immediately before use (see Note 8).

5. Washing buffer: 50 mM Tris(hydroxymethyl)aminomethane
(Tris), pH 7.4. Adjust the pH with HCl.

6. Selection buffer: 50 mM K2HPO4, 150 mM NaCl, 0.05 %
Tween 20, pH 7.5 [7].

2.2 Purification

Process Using

Aptamer-Modified

Magnetic Beads

1. LB medium (Luria Broth): Dissolve 10 g tryptone, 10 g NaCl,
and 5 g yeast extract in 1 L of ddH2O; autoclave for 30 min.
Allow the media to cool below 50 �C before adding 3 mL of
ampicillin stock solution.

2. Ampicillin stock solution: Prepare a solution of 25 mg/mL
ampicillin in ddH2O; filter through a 0.2 μm membrane.

3. Rhamnose stock solution: Prepare a solution of 0.2 g/mL
rhamnose in ddH2O; filter through a 0.2 μm membrane.

4. Composition of PBS is PBS buffer: 137 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.5.

5. E. coli lysate: E. coli strain and inserted plasmid are described in
refs. 8 and 9. E. coli is grown in 100 mL LB medium; supple-
mented with 100 μg/mL ampicillin at 37 �C and shaking at
150 rpm. At an OD600-value of approximately 0.8–1.0, 1 mL
rhamnose stock solution is added for the induction of
His-tagged Pseudomonas Fluorescens Esterase 1 (PFEI-His)
production. The cultures are then incubated for another 4 h
at 37 �C and 150 rpm. Subsequently, cells are harvested by
centrifugation at 4,000 � g for 15 min at 4 �C. The superna-
tant is discarded and the cell pellets are resuspended in PBS
buffer and disrupted. Therefore, ultrasonication for three
times, 1 min each (90 W, 0.6 s pulse duration) under ice cool-
ing is used. The cell debris is removed by centrifugation and the
supernatant is filtered through a 0.2 μm membrane.

6. Selection buffer: See Subheading 2.1.

7. Wash buffer 1: Selection buffer supplemented with 350 mM
NaCl; final composition: 50 mM K2HPO4, 500 mM NaCl,
0.05 % Tween 20, pH 7.5.

8. Wash buffer 2: Selection buffer supplemented with 350 mM
NaCl and 1 M KCl; final composition: K2HPO4, 500 mM
NaCl, 1 M KCl, 0.05 % Tween 20, pH 7.5.

9. Elution buffer: Selection buffer supplemented with 1 M imidaz-
ole; final composition: 50 mM K2HPO4, 150 mM NaCl, 1 M
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imidazole, 0.05 % Tween 20, pH 7.5. Note that imidazole is
basic; if preparing the elution buffer from selection buffer by
addition of imidazole, readjust the pH to 7.5 by addition ofHCl.

2.3 Analysis of

Purification Process

Via SDS-PAGE

1. Polyacylamide/Bisacrylamide-solution: Prepare a 40 % solu-
tion in the ratio 37.5:1.

2. Buffer for separation gel: 1.5 M Tris–HCl, pH 8.8.

3. Buffer for stacking gel: 1.5 M Tris–HCl, pH 6.8.

4. APS: 25 % solution of ammonium persulfate (APS) in ddH2O is
prepared. Aliquots of this solution are stored at �20 �C.

5. TEMED: N,N,N0,N0-Tetramethylethan-1,2-diamin (TEMED)
is stored at 4 �C.

6. SDS-sample buffer: 20 mM Tris–HCl, 2 mM Ethylenediami-
netetraacetic acid (EDTA), 5 % sodium dodecyl sulfate (SDS),
0.02 % bromophenol blue; add 10 % 2-mercaptoethanol and
10 % glycerol (55 %) to the sample buffer before use.

7. SDS-running buffer: 25 mMTris, 192 mM glycine, 0.1 % SDS;
pH 8.3.

8. Fixator solution: 500 mL ddH2O, 500 mL EtOH, and 100 mL
acetic acid are mixed.

9. Farmers reducer solution: A solution of 0.1 % potassium hex-
acyanoferrat (III) and 0.1 % sodium thiosulfate in ddH2O is
prepared directly before use.

10. Silver nitrate solution: Dissolve 0.1 % silver nitrate in ddH2O
freshly before use. Follow waste disposal regulations for this
solution.

11. Sodium carbonate solution: Dissolve 2.5 % sodium carbonate
in ddH2O.

12. Developer solution: Add 400 μL of formaldehyde (36.5 %) to
100 mL of 2.5 % sodium carbonate solution. Follow waste
disposal regulations for this solution.

2.4 Characterization

of Aptamer-Modified

Magnetic Beads

1. Purified PFEI-His: Pseudomonas Fluorescens Esterase 1 (PFEI-
His) is purified from E. coli lysates using Sartobind IDA 75
membrane adsorber devices as described in ref. 8.

2. Bradford assay: Coomassie (Bradford) protein assay is used to
determine protein concentrations.

3 Methods

3.1 Immobilization of

Aptamers to Magnetic

Beads

This protocol describes the immobilization of aptamer 6H7 to
carboxyl-modified magnetic beads. If you aim to transfer the pro-
tocol to other aptamers, some adoptions of the protocol are
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required. These adoptions are indicated in the respective steps of
the protocol and detailed information for the necessary modifica-
tions of the steps are given in Subheading 4.

1. Resuspend the magnetic particle stock suspension by gentle
shaking and transfer 100 μL of the suspension (corresponding
to 2 mg carboxyl-modified magnetic beads) into a 1.5 mL
V-bottom shaped reaction tube (see Note 1).

2. Place the tube in the magnetic separator to induce magnetic
particle separation and allow complete magnetic separation to
occur for approximately 1 min (see Note 2).

3. Carefully remove the supernatant with a pipette without per-
turbing the separated magnetic beads (seeNote 1). Discard the
supernatant and immediately proceed with step 4 (seeNote 3).

4. Wash the magnetic beads by adding 100 μL 25 mM MES
(pH 6), remove the tube from the magnetic separator, and
resuspend the beads by shaking the tube. If necessary shake
down the suspension to ensure that the complete suspension is
placed in the bottom of the tube (see Note 4). Consider this in
all subsequent steps.

5. Incubate the resuspended beads for 10 min at room tempera-
ture while keeping the beads in suspension via horizontal shak-
ing using a rotator at 20 rpm (see Note 5). This procedure for
mixing will be further used in all following washing and incu-
bation steps.

6. Repeat the washing step described in steps 2–5.

7. Remove the buffer as described in steps 2 and 3 and immedi-
ately add 100 μL of 10 μM aptamer 6H7 dissolved in coupling
buffer (seeNote 6) to the separated particles. Retain a sample of
the aptamer solution for further analysis if desired. For transfer
of the method to other aptamers see Note 7.

8. Resuspend the particles by shaking the reaction tube and incu-
bate for 30 min at room temperature while rotating at 20 rpm.

9. Prepare a fresh solution of 10 mg/mL EDC in ice cold 25 mM
MES (pH6) (see Note 8).

10. Remove the reaction tube containing the magnetic particles
and the aptamer from the rotator and add 30 μL of the EDC
solution.

11. Mix by shaking, then place the reaction tube into the rotator and
allow the coupling procedure to proceed at 4 �C overnight while
rotating at 20 rpm (for modifications of this step seeNote 9).

12. Perform magnetic separation as described in step 2, transfer
the supernatant to a fresh reaction tube and keep it for further
analysis. Immediately proceed with step 13.
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13. Add 100 μL wash buffer to the magnetic beads and incubate
for 10 min at room temperature while rotating the tube at
20 rpm.

14. Repeat the washing procedure described in steps 12–13 three
more times. Retain all washing fractions for further analysis if
desired.

15. Perform magnetic separation as described in step 2 and imme-
diately proceed with step 16.

16. Add 100 μL of the aptamers’ selection buffer to the magnetic
beads and incubate for 15 min at room temperature while
rotating at 20 rpm. If you intend to use an aptamer other
than 6H7, a different selection buffer may be required
(see Note 10).

17. Repeat the washing procedure described in steps 15 and 16
one more time. Retain all washing fractions for further analysis.

18. Perform magnetic separation as described in step 2 and add
fresh selection buffer to the aptamer-modified magnetic beads.

19. Store the aptamer-modified magnetic beads at 4 �C until use.

3.2 Purification

Process Using

Aptamer-Modified

Magnetic Beads

Within this part of the protocol, the aptamer-based purification
process is exemplarily described for the purification of PFEI-His.
Please note that the used aptamer 6H7 allows for the purification of
different His-tagged proteins. Moreover, for the purification of
other proteins, respective aptamers can be used as elaborated in
Note 7. This may require the utilization of other buffer systems
(see Note 10).

1. The sample containing PFEI-His (e.g., E. coli lysate) is trans-
ferred to the aptamers’ selection buffer. Thereto, centrifugal
concentrators with a molecular weight cut-off of 10 kDa are
used according to the manual supplied by the manufacturer.
For an alternative to buffer exchange refer to Note 11.

2. Place a 1.5 mL V-bottom reaction tube containing 100 μL
magnetic bead suspension prepared according to Subhead-
ing 3.1 (corresponding to 2 mg of aptamer-modified magnetic
beads) into the magnetic separator.

3. Allow for complete magnetic separation by placing the tube in
the magnetic separator for approximately 1 min (see Note 2).

4. Carefully remove the supernatant with a pipette without per-
turbing the separated magnetic beads (see Note 1).

5. Discard the removed supernatant and immediately add 100 μL
of PFEI-His solution (prepared in step 1) to the magnetic
beads. Make sure to retain an aliquot of the PFEI-His solution
for further analysis.

72 Guohong Zhu and Johanna-Gabriela Walter



6. Remove the reaction tube from the magnetic separator and
resuspend the beads by shaking the tube. If necessary shake
down the suspension to ensure that the complete suspension is
placed in the bottom of the tube. Consider this in all
subsequent steps.

7. Incubate the beads for 4 h at room temperature while keeping
the beads in suspension via horizontal shaking, using a rotator
at 20 rpm (see Note 4).

8. Perform magnetic separation as described in steps 2 and 3,
remove the supernatant and keep it for further analysis. Imme-
diately proceed with step 9 (see Note 3).

9. Remove the tube from the magnetic separator, add 100 μL of
wash buffer 1, and resuspend the magnetic beads by shaking.

10. Incubate for 10 min at room temperature while rotating at
20 rpm.

11. Perform magnetic separation as described in steps 2 and 3,
remove the buffer and keep it for further analysis. Immediately
proceed with step 12.

12. Remove the tube from the magnetic separator, add 100 μL of
wash buffer 2, and resuspend the magnetic beads by shaking.

13. Incubate for 10 min at room temperature while rotating at
20 rpm.

14. Perform magnetic separation as described in steps 2 and 3,
remove the supernatant and keep it for further analysis. Imme-
diately proceed with step 15.

15. Remove the tube from the magnetic separator, add 100 μL of
wash buffer 1, and resuspend the magnetic beads by shaking.

16. Incubate for 30 min at room temperature while rotating at
20 rpm.

17. Perform magnetic separation as described in steps 2 and 3,
remove the buffer and keep it for further analysis. Immediately
proceed with step 18.

18. Remove the tube from the magnetic separator, add 100 μL of
elution buffer, and resuspend the magnetic beads by shaking. If
you are not using aptamer 6H7, the buffer composition may
have to be adjusted as elaborated in Note 12.

19. Incubate for 30 min at room temperature while rotating at
20 rpm.

20. Perform magnetic separation as described in steps 2 and 3,
remove the supernatant and keep it for further analysis. Imme-
diately proceed with step 21.

21. Remove the tube from the magnetic separator, add 100 μL of
elution buffer, and resuspend the magnetic beads by shaking.

Aptamer-Based Affinity Separation 73



22. Incubate for 10 min at room temperature while rotating at
20 rpm.

23. Perform magnetic separation as described in steps 2 and 3,
remove the supernatant and keep it for further analysis. Imme-
diately proceed with step 24.

24. Add 100 μL of selection buffer and store the aptamer-modified
magnetic beads at 4 �C.

25. Please note that the beads are regenerated by incubation in
selection buffer and can thus be used in subsequent purification
processes (see Note 13).

3.3 Analysis of

Purification Process

Via SDS-PAGE

In this part of the protocol, the samples taken in Subheading 3.2
are analyzed via SDS-PAGE to evaluate the purification efficiency
obtained via aptamer-based affinity separation.

1. Mix 4.5 mL of acrylamide mixture, 1.5 mL 1 % SDS, 4.2 mL
Tris pH 8.8, and 4.8 mL ddH2O. Add 30 μL of 25 % APS and
30 μL of TEMED, and cast the resulting 12 % SDS-PAGE gel
into the gel cassette. Overlay the forming gel with 75 % iso-
propanol and allow polymerization for 30 min.

2. Mix 750 μL of acrylamide mixture, 300 μL 1 % SDS, 630 μL
Tris pH 6.8, and 3.7 mL ddH2O.

Add 10 μL of 25 % APS and 10 μL of TEMED. Since APS
and TEMED rapidly induce polymerization, immediately pro-
ceed with step 3.

3. Remove the isopropanol from the separation gel prepared in
step 1 and cast the mixture prepared in step 2 on the separation
gel. Insert a gel comb and allow polymerization for 30 min.

4. 10 μL of the samples to be analyzed (PFEI-His solution, wash-
ing and elution fractions resulting from the procedure
described in Subheading 3.2) are mixed 1:1 with the SDS-
sample buffer and heated for 5 min at 95 �C. Centrifuge the
heated samples at 4,000 � g for 5 min.

5. Assemble the SDS-PAGE gel prepared in step 3 into an elec-
trophoresis chamber and load 10 μL of the samples prepared in
step 4 as well as 3.5 μL of the protein-ladder to the cavities of
the gel.

6. Start the separation at 100 V. After the samples passed through
the stacking gel, increase the running voltage to 150 V. Stop
the electrophoresis as the bromophenol blue front is running
out of the bottom of the gel.

7. Remove the gel and place it in fixator solution for 30 min at
room temperature while shaking at 300 rpm. Shaking at
300 rpm is further used in all subsequent incubation steps.
Wash the gel with ddH2O for 30 s twice and incubate in
Farmers reducer for 2.5 min. Subsequently, wash the gel with
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ddH2O until the yellow color disappears. From our experience,
this is the case after three washing steps, 10 min each. Incubate
the gel in freshly prepared 0.1 % silver nitrate solution for
30 min. Afterwards, wash with ddH2O twice, 30 s each and
rinse briefly with 2.5 % sodium carbonate solution. To initiate
band development, incubate the gel in developer solution. Stop
staining by transferring the gel into 5 % acetic acid solution for
10 min. Store the gel in ddH2O.

8. The degree of purity of the protein can be estimated from the
bands of the elution fractions (Fig. 1, see Note 14). Moreover,
the completeness of the washing process can be judged from
the washing fractions. If protein is still detected in the last
washing fraction, additional washing steps should be imple-
mented to the purification procedure.

3.4 Characterization

of Aptamer-Modified

Magnetic Beads

It is advised to characterize the aptamer-modified magnetic beads
with regard to binding capacity and aptamer performance. This is
especially important, if the protocol described here is modified
(e.g., by using another aptamer). The characterization procedure
described in the following aims to determine the aptamer activity
which is defined as the portion of immobilized aptamer that is able
to bind its target. If the determined aptamer activity is low, optimi-
zation can be performed as described in Note 5. Optimization of
the aptamer activity is desirable in order to maximize the binding
capacity of the aptamer-modified beads. Moreover, aptamers which

Fig. 1 SDS-PAGE analysis of the purification process. Following samples were
applied: (1) PFEI-His containing E. coli lysate (sample applied to aptamer-
modified magnetic beads), (2 ) supernatant after incubation with aptamer-
modified magnetic beads, (3–7 ) washing fractions, and (8, 9 ) elution fractions
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are immobilized on the magnetic beads in a nonfunctional manner
do not contribute to binding of the target protein but may be a
source of nonspecific binding, e.g., via electrostatic interactions.

1. Determine the concentrations of the aptamer in the solutions
obtained by the procedure described in Subheading 3.1 of this
protocol bymeasuring the absorbance at 260 nm (seeNote 15).

2. Calculate the amount of immobilized aptamer (DApt) using the
concentrations determined in step 1. Therefore, subtract the
amounts of aptamer found in the supernatant after incubation
with the carboxyl-modified beads and all washing fractions
from the amount of aptamer of the sample before incubation
with the carboxyl-modified beads (see Note 16).

3. Perform a purification process as described in Subheading 3.2
of this protocol. Instead of using a complex sample (e.g., E. coli
lysate), use purified PFEI-His. Make sure to provide an excess
of PFEI-His when compared to the amount of immobilized
aptamer determined in step 2. During the purification process,
retain a sample of the applied PFEI-His solution and all wash-
ing and elution fractions for further analysis.

4. Determine the concentrations of the protein in the solutions
obtained in step 4 via Bradford assay as described by the
manufacturer. Use pure PFEI-His for the preparation of a
calibration curve.

5. Calculate the amount of bound protein (QPFEI) using the
concentrations determined in step 4. Therefore, subtract the
amounts of protein found in the supernatant after incubation
with the aptamer-modified beads and all washing fractions
from the amount of protein of the sample before incubation
with the aptamer-modified beads (see Note 17).

6. Calculate the aptamer activity (AA) using the following for-
mula: AA ¼ (QPFEI)/(DApt), where DApt is the amount of
immobilized aptamer and QPFEI is the amount of bound pro-
tein (Table 1).

7. If the aptamer activity is low (e.g., below 75 %), the process
should be optimized. Starting points for the optimization can
be found in Note 5.

8. The elution efficiency (EE) can be calculated using the follow-
ing formula: EE ¼ (EPFEI)/(QPFEI), where QPFEI is the
amount of bound protein and EPFEI is the amount of protein
found in the elution fractions (Table 1, see Note 17). If the
elution efficiency is low (e.g., below 90 %), the purification
process should be optimized, e.g., by additional elution steps.

76 Guohong Zhu and Johanna-Gabriela Walter



4 Notes

1. We found the use of 1.5 mL V-bottom shaped reaction tubes to
be best, because the removal of supernatant from the magnetic
beads after magnetic separation is easier in this type of tube
when compared to U-bottom shaped tubes. To carefully
remove the supernatant after magnetic separation without per-
turbing the magnetic beads, position the pipette tip to the
bottom of the reaction tube and slowly remove the
supernatant.

2. The completeness of magnetic separation can be judged best by
placing a white piece of paper under the magnetic stand and
observing the color change from brown to clear by vertically
looking into the opened reaction tube.

3. Avoid drying out of the magnetic particles at any point of the
process. Therefore, after magnetic separation and removal of
supernatant, immediately add buffer (or respective solution) to
the magnetic beads.

4. To ensure proper mixture of all components, the suspension
should be completely placed on the bottom of the tube.
Droplets on the wall of the reaction tube should be avoided
by gently shaking down the liquid. If necessary, a gentle centri-
fugation step can be applied (e.g., 2 s at low centrifugal force).
Avoid harsher centrifugation which may destroy the magnetic
beads.

5. To hold the magnetic beads in suspension effectively, we found
horizontal rotation to work best. Vertical shaking (e.g., in an
eppendorf shaker) is not sufficient to suspend the beads which

Table 1
Characterization of magnetic beads modified with aptamer 6H7 utilizing purified PFEI

ca(μM)
DApt

b

(pmol/mg bead)
QPFEI

c

(pmol/mg bead)
EPFEI

d

(pmol/mg bead) AAPFEI
e (%) EEPFEI

f (%)

10 157 � 13 154.7 � 1.4 46.6 � 0.3 98.5 � 9.2 30.2 � 1.5

25 501 � 42 168.5 � 1.5 163.7 � 0.8 33.6 � 9.2 97.1 � 1.3

40 1,037 � 39 213.7 � 1.8 98.1 � 0.1 20.6 � 4.6 45.9 � 0.9

During the immobilization procedure, different concentrations of the aptamer (10–40 μM) were applied. The magnetic

beads modified with 10 μM aptamer 6H7 resulted in an aptamer density (DApt) of approx. 160 pmol/mg beads and best

aptamer activity (99 %) in this experiment
aapplied aptamer concentrations during immobilization
baptamer densities
camount of PFEI-His bound to aptamer-modified magnetic beads
damount of eluted PFEI-His
eaptamer activity (QPFEI/DApt)
felution efficiency ratio (EPFEI/QPFEI)
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tend to settle down within only few minutes. The particles
should be held in suspension during all incubation and washing
steps throughout the whole protocol. This is particularly
important in the immobilization step, since the magnetic
beads will not be homogeneously modified with aptamers
when the particles have settled down; in this case, only a por-
tion of particles in direct contact with the aptamer-containing
supernatant will have the chance to react with the aptamer,
while particles on the bottom of the tube will not react.

6. We usually store our aptamers in 100 μM stock solutions,
solved in high-quality DNase-free water at 4 �C. To prepare
the solution of the aptamer in 25 mMMES (pH 6), we found it
most convenient to prepare a 1:1 dilution of the aptamer in
50 mM MES (pH 6) first and then further dilute with 25 mM
MES (pH 6) to the desired final concentration.

7. When transferring the method to other aptamers than 6H7, it
is worth to try the method described in this protocol as a
starting point. If the outcome is not satisfying, try to vary the
following parameters: (1) Aptamer orientation: Not all apta-
mers stay functional when immobilized via their 50 termini
[11]. It is worth to try 30 amino-modified aptamers in this
case. (2) Spacer: If this does not improve the results, please
consider that aptamer immobilization may interfere with the
folding of the aptamer [11, 12]. Also, the access of the target
molecule to be purified to the binding site of the aptamer may
be hindered sterically by the immobilization of the aptamer.
For this reason, the use of an additional spacer between the
amino linker and the aptamer sequence may help the aptamer
to fold into the correct three-dimensional conformation allow-
ing the target to bind. As a spacer, polyethylenglycol (e.g.,
PEG6) or a sequence of 10 tymidines (T10) can be used.
Especially in case of minimal aptamers, which were generated
by truncating the aptamer originally selected via the SELEX
procedure, we found it helpful to use the full-length version of
the aptamer. Here, one has to consider that minimal or
truncated aptamers are mostly screened for their binding to
the target in solution. If a truncated version of an aptamer
works in solution (as for example investigated by isothermal
titration calorimetry), this does not necessarily mean that the
truncated aptamer is still functional after immobilization to a
solid support. (3) Aptamer density: Another parameter that
might interfere with aptamer functionality is the density of
the immobilized aptamers. At high aptamer densities, the apta-
mers’ folding may be hindered by other aptamers in close
proximity, which may result in steric hindrance. Also the access
of the target to the aptamers’ binding site may be hindered in
case of too dense aptamer immobilization. We found a
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concentration of 10 μM aptamer during the immobilization
procedure, resulting in an aptamer density of approximately
160 pmol/mg beads, to work best for aptamer 6H7
(see Table 1). For other aptamers with a higher steric demand
or aptamers capturing a bigger target, lower densities might
result in better aptamer performance. Therefore, try lower
aptamer concentrations (e.g., 5 μM aptamer) during the immo-
bilization procedure to optimize the purification outcome.

8. When preparing EDC solution, let EDC powder equilibrate to
room temperature before opening the vial in order to protect
the hygroscopic substance from condensing water. EDC is not
stable in aqueous environment and is rapidly degraded by
hydrolysis. Therefore, prepare a fresh aliquot for each experi-
ment immediately before adding the solution to the aptamer-
containing magnetic particle suspension.

9. EDC coupling works fast. If more convenient for you, shorter
coupling times (e.g., 2 h) can be tried. Also, if no cold room is
available, the reaction can be performed at room temperature.
This will change the immobilization efficiency and the amount
of immobilized aptamer should be closely investigated in this
case (see Subheading 3.3). In many applications, EDC coupling
is performed in a two-step procedure using NHS. We found the
one-strep procedure described in Subheading 3 more conve-
nient and less error-prone. Moreover, the two-step procedure is
only necessary to avoid cross-linking of the ligand to be cou-
pled if this ligand contains amino- and carboxy groups. Since
aptamers solely contribute the terminal amino linker for cou-
pling, a simple one-step coupling is fully sufficient.

10. To obtain their functionality, aptamers must fold in their
correct three-dimensional conformation. This conformation is
formed by incubating the aptamer in the buffer which was used
during the selection of the aptamer. Therefore, refer to the
original selection process of the employed aptamer to choose
the buffer for aptamer folding.

The aptamer was selected under certain buffer conditions
(the selection buffer); thereby it is known that the aptamer is
able to bind the target in this buffer. The three-dimensional
folding of the aptamer—which is the basis of the binding to the
target—may be affected by variations of the pH or the buffer
composition. Here, especially ions are involved in aptamer fold-
ing; e.g., potassium ions are known to stabilize G-quadruplexes
which are common binding motifs in aptamers. For other apta-
mers, divalent ions may contribute to correct aptamer folding.
Therefore, if the buffer is changed from the original composi-
tion of the selection buffer, the binding between aptamer and
target has to be confirmed for the new buffer composition.
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Furthermore, interfering substances must be avoided. These
substances could either hamper the proper aptamer folding
(e.g., EDTA or other chelating agents, in the case of aptamers
that depend on divalent ions) or change the conformation of
the target (e.g., mercaptoethanol in case of proteins containing
disulfide bridges). If the conformation of the aptamer or the
protein is different from those in the SELEX, no binding at all
may be observed. On the other side, interfering substances can
be used for the elution of the target (see Note 12).

11. If the concentration of PFEI-His is high in the applied solution
and the solution does not contain any interfering substances,
the sample can be directly diluted in selection buffer (e.g.,
1:10) without membrane filtration. In case of aptamer 6H7
no imidazole should be present in the applied sample, since
imidazole competitively binds to the aptamer resulting in
reduced or even failed binding of the His-tagged protein.
If you are using another aptamer than 6H7, consider that
other substances might interfere with binding of the target
(also see Note 10).

12. As outlined in Note 10, the binding of the aptamer to the
target is based on the folding of the aptamer to a defined three-
dimensional structure in the selection buffer. To induce the
release of the bound target, the elution buffer should either
provide competitive binders (as imidazole in the case of apta-
mer 6H7) or substances interfering with the aptamer folding.
This might be chelating agents in case of aptamers with a
folding dependent on divalent ions. For other aptamers, a pH
shift may result in elution of the target, e.g., by protonation of
bases involved in target-binding. More possible elution condi-
tions are outlined in ref. 5.

13. We found magnetic beads modified with aptamer 6H7 suitable
for at least six consecutive cycles of protein purification [8].
Between the purification processes, the aptamer-modified mag-
netic beads are stored in the selection buffer at 4 �C. Aptamer-
modified magnetic beads are stable under these conditions for
at least 6 months [8].

14. We are assessing the purity via densitometry using silver-stained
SDS-PAGE gels [8]. Although silver-staining is known to be
not quantitative, we found this method useful to estimate the
purification efficiency.

15. To enable the determination of the amount of immobilized
aptamer, concentrations of the following samples should be
measured: aptamer solution used for coupling, the supernatant
after coupling as well as all subsequent washing fractions [8].
We found it suitable to determine the concentrations of apta-
mers by measuring the absorbance at λ ¼ 260 nm using a
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NanoDrop™ 1000 spectrophotometer. The concentrations
can be calculated based on the Lambert–Beer equation utiliz-
ing the respective extinction coefficients of the aptamers, which
are usually supplied by the oligonucleotide manufacturer.
Alternatively, extinction coefficients can also be calculated; for
this purpose, various online calculators are available. In the
special case of very low aptamer concentrations, we determine
the aptamer concentration using propidium iodide (PI). In this
assay, 25 μL of PI solution (0.1 mg/mL in 0.9 % NaCl) is
added to 100 μL of sample solution. To allow quantification,
a serial dilution of the aptamer is used. After thoroughly mix-
ing, the mixture is incubated at room temperature for 30 min
in the dark. Measurements are performed with Abs/
Em ¼ 536/617 nm (e.g., in a fluoroskan ascent device).

16. Using the determined concentrations (see Note 15) and the
volumes of the corresponding solutions, calculate the amount
of aptamer found in each solution. Therefore, accurate deter-
mination of each volume is required. Calculate the amount of
immobilized aptamer by subtracting the amount of aptamer
found in the solution after incubation with the magnetic beads
as well as the amounts found in the washing fractions from the
amount of originally applied aptamer. We found it useful to
calculate the density of the immobilized aptamer in the unit
[pmol/mg beads].

17. To calculate the amount of bound protein from the determined
protein concentrations, accurate determination of the volumes
of each fraction is required. The same is true for the calculation
of the amount of eluted protein.
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Chapter 8

The Strep-tag System for One-Step Affinity Purification
of Proteins from Mammalian Cell Culture

Thomas Schmidt and Arne Skerra

Abstract

The Strep-tag—or its improved version Strep-tagII—is an eight amino acid sequence that can be easily fused
or conjugated to any protein or peptide of interest and that was engineered for high affinity toward
streptavidin, which otherwise is widely known as a tight biotin-binding reagent. Especially in combination
with immobilized Strep-Tactin, a mutant streptavidin specifically optimized toward the Strep-tagII, this
system enables the facile one-step affinity purification of various biomolecules, including oligomeric and
evenmembrane proteins. The Strep-tagII/Strep-Tactin interaction shows exquisite specificity, thus allowing
efficient separation from host cell proteins, and it can be reversed simply by addition of biotin (or a suitable
derivative thereof, such as desthiobiotin). Therefore, this system has become very popular for the highly
efficient affinity chromatography under biochemically mild conditions. Here, we describe the purification of
Strep-tagged proteins from mammalian cell lysates and cell culture supernatants.

Key words Magnetic beads, Mammalian cell culture, Peptide tag, Protein isolation, Recombinant
protein expression, Strep-Tactin, Strep-tag

1 Introduction

Protein and peptide tags with defined molecular recognition prop-
erties have gained widespread use for biomolecular detection pur-
poses and quick purification of recombinant proteins via affinity
chromatography using standardized procedures. Short peptide
tags, in particular, have the advantage that they usually do not
interfere with the function of the protein of interest and, therefore,
their removal is not necessary for most in vitro applications. The
originally developed Strep-tag®, which was designed for C-terminal
fusion [1], and the improved Strep-tagII, applicable both at the N-
and C-terminus of a recombinant protein [2], comprise short
peptides with the eight-residue sequences “Trp-Arg-His-Pro-Gln-
Phe-Gly-Gly” and “Trp-Ser-His-Pro-Gln-Phe-Glu-Lys,” respectively.

These peptides can easily be fused to any recombinant protein,
thus conferring reversible binding activity toward the cognate
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protein reagent Strep-Tactin®. Strep-Tactin is an engineered
streptavidin mutant with enhanced affinity both for the Strep-tag
and the Strep-tagII [3], which has been developed based on crys-
tallographic analyses of the complexes between recombinant core
streptavidin and each of the two peptides [2]. The increase in
affinity was achieved by structurally fixing an open conformation
of the lid-like loop on top of the binding site that naturally accom-
modates biotin as ligand [4].

In practice, the highly specific Strep-tagII/Strep-Tactin system
offers several advantages. It is rather flexible with regard to applica-
ble buffer conditions, which may be very mild, thus preserving
physiological protein complexes, but is also robust against poten-
tially delicate additives such as elevated salt concentrations, deter-
gents, reducing or chelating reagents, metal ions and the like [5].
The only important point of consideration is that pH should be
neutral or above pH 7 (preferably pH 8). Another important
benefit is that Strep-tagII/Strep-Tactin complex formation can be
competitively disrupted by low concentrations of D-biotin, i.e., the
physiological streptavidin ligand. This feature permits elution of a
bound Strep-tagII fusion protein under very gentle conditions, just
by supplementing the washing buffer with biotin—or, preferably,
D-desthiobiotin, thus allowing easy regeneration of the Strep-Tactin
affinity column.

In fact, this competitive elution step contributes another level
of biomolecular specificity, apart from the biospecific adsorption of
the Strep-tag fusion protein to the Strep-Tactin affinity matrix,
which enables highest purification factors in a single chro-
matographic step. Regeneration of the Strep-Tactin column is facili-
tated by applying a buffer containing the organic dye HABA
(2-(40-hydroxyazobenzene)benzoic acid), which is weakly bound
by the biotin-binding pocket of streptavidin and gives rise to a
color change [6]. Its presence at sufficient concentration blocks
emerging free binding sites and prevents rebinding of the desthio-
biotin eluent such that this compound gets more quickly removed
from the column than by simply washing with buffer alone. Alter-
natively, columns may be regenerated using 0.5 M NaOH, which
also prevents any cross-contamination from run to run.

Strep-Tactin is a very robust protein reagent, even more stable
than antibodies which are frequently utilized in conjunction with
other affinity tags, thus providing durable affinity columns that are
suitable for many repeated uses. Several affinity matrices with
immobilized Strep-Tactin are currently offered for preparative chro-
matography purposes [7]. The highest efficiency can be achieved
with Strep-Tactin® Superflow® high capacity columns. Alterna-
tively, Strep-Tactin magnetic beads are available, which are particu-
larly useful for Strep-tag affinity purification from concentrated cell
extracts since magnetic bead separation is relatively insensitive to
solution viscosity in general.
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So far, many applications have shown that the Strep-tag affinity
system is not only attractive for the preparation of highly pure and
functional monomeric proteins but also for the reliable isolation of
protein complexes, such as antibody–antigen complexes [1, 8, 9] or
large integral protein complexes, as well as for the study of pro-
tein–protein interactions [10–22]. Meanwhile, high-affinity anti-
bodies against the Strep-tagII have been developed, too, for
example StrepMAB-Classic and StrepMAB-Immo [5], which fur-
ther complement this technology. These reagents permit sensitive
detection of a Strep-tagII fusion protein on a Western blot and in
ELISA, in immunofluorescence microscopy and fluorescence-
activated cell sorting (FACS) and they allow the immobilization
of Strep-tagged proteins onto solid surfaces, e.g., for surface plas-
mon resonance (Biacore) analysis [5].

From a practical point of view, care should be taken that biotin is
absent from the sample subjected to affinity chromatography; other-
wise it would prevent binding or induce premature dissociation from
the Strep-Tactin matrix. Its amount in the cytosolic cell fraction of
most bacterial and eukaryotic expression hosts can normally be
neglected. However, especially when working with mammalian or
insect cell culture supernatants, biotin in the medium (where it is
often an abundant constituent) should be masked by complexation
with a small (stochiometric) amount of avidin from hen egg white
(available as “BioLock”), which does not bind the Strep-tagII nor
interfere in any way with the purification process [5, 6, 23].

This contribution describes the use of the Strep-tag affinity
system for the purification of recombinant proteins with focus on
expression in mammalian cell culture, a methodology that has
become increasingly attractive in comparison with bacterial expres-
sion to cope with the growing challenges in current protein
research. While mammalian cytosolic extracts have to be treated in
a very similar manner to bacterial extracts, which has been exten-
sively described in previous reports [1, 5, 6, 24, 25], a few chal-
lenges emerge if the recombinant protein is secreted into the cell
culture supernatant.

First, cell culture media often contain considerable amounts of
biotin that have to be neutralized as described above. Second, the
recombinant target protein is usually present in a diluted form,
which implies the need for processing of large sample volumes in
conjunction with small columns. For situations where the affinity of
the Strep-tagII/Strep-Tactin interaction may become limiting
under those circumstances, the Twin-Strep-tag, which comprises
two Strep-tagII moieties connected in tandem by a short linker, has
been developed. The resulting avidity effect (in combination with
the tetrameric Strep-Tactin) reduces the off-rate and results in more
steady binding. Nevertheless, the addition of a competitor, i.e.,
(desthio)biotin, reverses this synergistic effect and, consequently,
efficient elution, a characteristic feature of the Strep-tagII/Strep-
Tactin system, is preserved [23].
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The following protocols provide detailed practical description
of procedures utilizing the discussed features of the Strep-tag affin-
ity system, including guidance for troubleshooting.

2 Materials

Solutions should be prepared using deionized water (18 MΩ cm at
25 �C) and analytical grade reagents and stored at room tempera-
ture unless indicated otherwise:

1. 10� washing buffer (10� Buffer W): 1 M Tris–HCl pH 8,
1.5 MNaCl, 10 mMEDTA (seeNote 1). Dilute 1:10 to obtain
washing buffer (Buffer W).

2. Desthiobiotin elution buffer (Buffer E): 100 mM Tris–HCl
pH 8, 150 mM NaCl, 1 mM EDTA, 2.5 mM D-desthiobiotin
(IBA GmbH, Göttingen, Germany) (seeNote 2). Mix 100 mL
Buffer W in a graduated cylinder with 53.5 mg D-desthiobio-
tin. Dissolve using magnetic stirring and re-adjust pH to 8 with
NaOH (see Note 3). Store at 4 �C for long-term storage
(>2 weeks).

3. Biotin elution buffer (Buffer BX): 100 mM Tris–HCl pH 8,
150 mM NaCl, 1 mM EDTA, 10 mM D-biotin. Mix 100 mL
Buffer W in a graduated cylinder with 244 mg D-biotin. Dis-
solve using magnetic stirring and re-adjust pH to 8 with NaOH
(see Note 3). Store at 4 �C for long-term storage (>2 weeks).

4. Regeneration buffer (Buffer R): 100 mM Tris–HCl pH 8,
150 mM NaCl, 1 mM EDTA, 1 mM 4-Hydroxyazobenzene-
2-carboxylic acid (HABA; see Note 4). Mix 1 L Buffer W in a
graduated cylinder with 242 mg HABA. Dissolve HABA using
magnetic stirring.

5. Strep-Tactin Superflow gravity flow columns (IBA):

Standard capacity, 1 mL and 5 mL bed volume.

High capacity, 1 mL and 5 mL bed volume.

6. Strep-Tactin Superflow cartridges (IBA):

Standard capacity, 1 mL and 5 mL bed volume.

High capacity, 1 mL and 5 mL bed volume.

7. Strep-Tactin magnetic beads type 3 (IBA).

3 Methods

Expression of recombinant proteins in mammalian cells becomes
increasingly attractive due to proper protein folding, assembly and
post-translational modification on one hand and the availability of
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powerful transient gene expression systems that are affordable and
easy to handle on the other. Currently, CHO (Chinese hamster
ovary cells) and HEK-293 (human embryonic kidney cells) are the
predominant cell lines. Derivative cell lines that are adapted to
suspension growth or genetically engineered—e.g., carrying the
EBNA1 gene for episomal propagation and enhanced transport of
transfected plasmid DNA to the nucleus—are marketed by various
suppliers in combination with optimized formulations for transfec-
tion as well as cell culture media. State-of-the-art materials and
procedures in this field have been reviewed extensively [26–31].

Here, we describe procedures to purify secreted proteins in one
step from a cell culture supernatant of choice using Strep-Tactin
column affinity chromatography or, alternatively, cytosolic proteins
from crude cell lysates in a batch approach by means of Strep-
Tactin-coated magnetic beads. All procedures should be carried
out at room temperature unless otherwise specified. Use 4 �C and
chilled buffers if room temperature is not consistent with function-
ality of the target protein. 4 �C is also recommended if processing
crude cytosolic cell lysates.

3.1 Affinity

Chromatography

of Strep-tag II Fusion

Proteins from Cell

Culture Supernatant

(1 L) Using a 1 or 5 mL

Column Containing

Strep-Tactin

Superflow High

Capacity ( See Note 5)

1. Centrifuge the mammalian cell suspension at 300 � g for
15 min to remove cells and debris and transfer supernatant
(1 L) to a fresh centrifuge bucket.

2. Add 1/9th volume (111 mL) of 10� Buffer W and mix.

3. Add BioLock (IBA) in appropriate amount (see Note 6) and
mix gently.

4. Incubate for 30 min.

5. Centrifuge at 10,000 � g for 20 min to remove aggregates,
which otherwise may clog the column.

6. Transfer the clear supernatant to a 1 L bottle.

7. Connect the bottle containing the clarified cell culture super-
natant via a WET-FRED device (IBA) to a 1 mL or 5 mL
gravity flow column or via a peristaltic pump or a chromatog-
raphy workstation to a prefilled cartridge (see Note 7).

8. Pass the supernatant over the column using a flow rate of
1 mL/min in case of 1 mL column volume (CV) and 3 mL/
min in case of 5 mL CV.

9. Collect the flow through.

10. Switch to a fresh vessel to collect the wash fraction.

11. Wash five times each with one CV of Buffer W (see Note 8).

12. Switch to a fresh vessel to collect elution fraction 1 (E1).

13. Apply 0.8 CV of Buffer E.

14. Switch to a fresh vessel to collect elution fraction 2 (E2).
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15. Apply 1.4 CV of Buffer E.

16. Switch to a fresh vessel to collect elution fraction 3 (E3).

17. Apply 1 CV Buffer E.

18. Finally, switch to a fresh vessel to collect elution fraction 4 (E4).

19. Apply 1 CV Buffer E.

20. Store all elution fractions at 4 �C until further use (seeNote 9).

21. Regenerate the column by applying 3 � 5 CV of Buffer R.

22. Remove the HABA dye and equilibrate the column for the next
purification run by washing with 2 � 4 CV of Buffer W.

23. The regenerated column may be kept till next use in Buffer W,
preferentially at 4 �C. For long-term storage, 0.02 % w/v
sodium azide may be added to prevent microbial growth.

3.2 Batch

Purification of Strep-

tag II Fusion Proteins

from Cytosolic

Extracts of Mammalian

Cells Using Strep-

Tactin Magnetic Beads

1. Centrifuge the mammalian cell suspension at 300 � g for
15 min to harvest cells and discard supernatant.

2. Resuspend cells with Buffer W using 0.4 mL per 108 cells.
Protease inhibitors may be added if necessary.

3. Lyse cells in 5 freeze/thaw cycles by repeatedly freezing the
suspension in liquid nitrogen and thawing it in a 37 �C water
bath.

4. Shear DNA by passing the lysate four times through an 18-G
needle. Alternatively, if the lysate is very viscous, add MgCl2
(6 mM end concentration) and CaCl2 (0.15 mM end concen-
tration) using a 100� stock solution followed by RNase A
(10 μg/mL end concentration) and DNase I (5 μg/mL end
concentration) and incubate on ice for 10–15 min.

5. Add 10 μl BioLock per 108 cells. Mix and incubate for 20 min.

6. If purification is not carried out on the same day, the lysate may
be stored frozen at �20 �C or �80 �C.

7. Immediately prior to affinity purification, centrifuge the lysate
for 20 min at 48,000 � g to remove cell debris (see Note 10).

8. Pipet 1 μl Strep-Tactin magnetic beads per (estimated) 25 μg
target protein into a clean tube (see Note 11).

9. Add 200 μl Buffer W per μl Strep-Tactin magnetic beads and
mix.

10. Use a magnet for collecting the beads at the bottom of the tube
and carefully pipette off the supernatant.

11. Remove the magnet.

12. Resuspend the Strep-Tactin magnetic beads with the appropriate
volume of the cleared cytosolic lysate (supernatant from step 7)
containing the target protein (seeNote 12).
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13. Incubate for 30 min under occasional vortexing in order to
resuspend the Strep-Tactin magnetic beads (i.e., shortly vortex
3–4 times during the incubation period).

14. Collect the beads using the magnet and carefully pipette off the
supernatant.

15. Remove the magnet.

16. Add 100 μl Buffer W per μl Strep-Tactin magnetic beads.
Shortly vortex and quickly collect the beads via the magnet
and pipette off the supernatant corresponding to the washing
solution (see Note 13).

17. Repeat this step twice (i.e., three washing steps in total).

18. Add 25 μL Buffer BX per μl Strep-Tactin magnetic beads,
vortex and incubate for 10 min for elution of the bound
Strep-tagged protein. Resuspend beads once during the incu-
bation period.

19. This step may be repeated once for getting higher yields.
However, concentration of the recombinant target protein is
usually lower in the second elution step.

20. As an alternative to competitive elution with D-biotin, the
recombinant Strep-tag fusion protein may be eluted under
denaturing conditions via boiling, for example to check for
expression levels or to analyze protein complexes involving
the Strep-tagged protein on a Western blot. To this end, a
conventional SDS gel loading buffer is used instead of Buffer
BX (in step 18) and the sample is heated to 95 �C for 2 min (see
Note 14).

4 Notes

1. 10� Buffer W is our generic washing buffer concentrate which
has been successfully used for the purification of many different
recombinant proteins in the past. However, the Strep-tag
method is not limited to this buffer system; detergents, higher
or lower salt concentrations, reducing and chelating agents and
metal ions are allowed as well [32]. Usually, we add EDTA to
our buffers to inhibit metalloproteases and bacterial growth. If
EDTA is not appropriate, like, e.g., for the purification of
functional metalloenzymes, it may be omitted.

2. D-desthiobiotin is usually synthetized from D-biotin as starting
material and may contain residual biotin which can inactivate
Strep-Tactin affinity columns. D-desthiobiotin from IBA is
certified to be free of biotin. A concentration of 5 mM D-
desthiobiotin in the elution buffer is recommended when
using Strep-Tactin SuperflowHigh Capacity as chromatography
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matrix (biotin binding capacity >900 nmol/mL bed volume),
particularly in combination with the Twin-Strep-tag. A lower
concentration of 2.5 mM D-desthiobiotin is usually sufficient
when using resins with regular capacity (>300 nmol/mL).

3. For optimal results during Strep-Tactin affinity chromatogra-
phy, washing Buffer W and elution Buffer E should not differ in
pH and ionic strength. This assures that the Strep-tagged target
protein bound to the biotin-binding pocket of Strep-Tactin is
selectively displaced from the column. Contaminants interact-
ing in another way with Strep-Tactin or adsorbed to the resin
will remain bound to the column if the buffer conditions do not
change. Therefore, we recommend to prepare Buffer E directly
from Buffer W and re-adjust pH instead of using independent
buffer preparations.

4. HABA is a dye that has a yellow color in Buffer R. The red
colored hydrazone isomer of HABA, which is less populated at
this pH, has affinity for the biotin pocket of Strep-Tactin [33].
Using HABA for displacement of D-desthiobiotin from the
Strep-Tactin affinity column has two advantages: first, HABA
applied in excess blocks free binding sites on Strep-Tactin, thus
preventing dissociated D-desthiobiotin from rebinding and, sec-
ond, the concomitant color change to red visually indicates the
regeneration process of the column and its activity status. Due to
the intrinsically low affinity of HABA, this dye can be efficiently
removed later on simply by washing with Buffer W until the
column turns pale again. Sometimes, particularly on high capac-
ity Strep-Tactin resins, a small amount of HABA may remain
bound, giving rise to a pink color tone, which is not problematic
for using the column in another purification run. If desired, such
residual HABA may be removed by briefly washing with Buffer
W adjusted with NaOH to pH 10.5, immediately followed by
washing with Buffer W to restore physiological pH. Columns
should not be stored under strongly alkaline conditions.

5. Column chromatography usually gives better results in terms of
yield and purity than batch purification, especially for cell cul-
ture supernatants, which contain the target protein at low
concentration. Using the Strep-Tactin Superflow high capacity
resin (IBA) 35 nmol target protein (corresponding to 1 mg of a
30 kDa protein) can be efficiently purified from up to 250 mL
cell culture supernatant (or extract) on a 0.2 mL column con-
taining Strep-Tactin Superflow high capacity. Sometimes, the
affinity of the Strep-tagII is negatively influenced by the target
protein to which it is fused [24]. Such proteins need to be
applied at higher concentrations or, alternatively, the Twin-
Strep-tag may be used [23]. Generally, column volumes should
be increased linearly with larger volumes of protein solution;
for example, columns with a minimum of 1 mL bed volume
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should be used for efficient purification from 1 L cell culture
supernatant containing at least 1 mg target protein. For purifi-
cation from cytosolic extracts, the same protocol can be used
while taking into account the binding capacity of the chosen
resin and maintaining a proper relation between column size
and the amount of target protein to be purified. Typically, we
use 1 mL Strep-Tactin Superflow to purify 1–3 mg recombinant
protein and 1 mL Strep-Tactin Superflow High Capacity to
purify 3–10 mg recombinant protein.

6. Cell culture media may contain D-biotin, which almost irrevers-
ibly binds and thereby inactivates the Strep-Tactin affinity col-
umn (Fig. 1). Thus, D-biotin has to be removed or neutralized
prior to Strep-Tactin affinity chromatography. The simplest and
easiest way is efficient masking with avidin, which has an even
higher affinity for biotin than streptavidin but does not bind the
Strep-tagII. BioLock is an inexpensive avidin preparation in the
form of an extract from hen egg white, which contains further
egg white proteins that do not affect most proteins, except for

Fig. 1 A 1 mL column containing Strep-Tactin Superflow was, in a first step,
treated with a D-biotin containing solution and, in a second step, flushed with
Buffer R containing HABA (see Note 4). In the upper part, Strep-Tactin binding
sites are completely and irreversibly occupied by D-biotin, thereby preventing
binding of HABA. The lower part is free of D-biotin as indicated by the color
change to red, due to binding of the hydrazone isomer of HABA to Strep-Tactin.
Both zones are sharply separated as a result of the extremely tight interaction
between Strep-Tactin and D-biotin. This is an illustrative example explaining how
D-biotin contaminations may be quantified using calibrated columns of known D-
biotin binding capacity or, on the other hand, how D-biotin contaminations in cell
extracts or culture media can be detected during column regeneration
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some proteases that may become inhibited. These BioLock
components, including avidin itself, are efficiently removed by
Strep-Tactin affinity chromatography. 1 mL BioLock irrevers-
ibly blocks 70 μg D-biotin while it is recommended to add a
slight excess (�10 %) (for information on the D-biotin content
of the most popular cell culture media, see ref. [34]). On the
other hand, the total D-biotin content in cytosolic cell extracts
is more or less negligible and below 10 nmol (2.5 μg) for a
cytosolic extract from 1 L culture (OD550 ¼ 1) of a typical
E. coli K-12 or B strain or below 3 nmol (0.75 μg) for a
cytosolic extract from 1 � 108 mammalian cells.

7. WET-FRED (Fig. 2) is a simple and economic device for the
safe application of large sample volumes to small affinity col-
umns using gravity flow [23]. Alternatively, peristaltic pumps or
FPLC/HPLC workstations can be used together with Strep-
Tactin Superflow cartridges instead of Strep-Tactin Superflow
gravity flow columns. If gravity flow columns or cartridges are
transferred to room temperature after storage at 4 �C, air
bubbles may form since buffer is able to take up more gas in
the cold than at room temperature. Therefore, it is recom-
mended to start equilibrating columns immediately with buffer
that has been kept at the higher temperature.

Fig. 2 A column is capped with a plug (C ) that is connected via tubings (B, D ) to a
last drop filter (A ) and a syringe (E ). The last drop filter is plunged into the cell
culture supernatant and, having the column capped at the outlet, cell culture
supernatant is aspirated by the syringe (E ) to fill the tubing (B ) and overlay the
column bed with a small volume of liquid. Then, the cap at the outlet is removed
and the column runs at a flow rate dependent on the actual hydrostatic pressure.
The last drop filter unit ensures that the entire cell culture supernatant is applied
and prevents clogging of the column
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8. After application of the crude sample (i.e., cell culture
supernatant or cytosolic extract) to the affinity column, residual
drops may stick to the housing above the column bed. Thus, as
soon as Buffer W is applied, it may be contaminated with part of
the sample,which diminishes purification efficiency, in particular
if highly concentrated cytosolic cell extracts are used. For this
reason, it is recommended to rinse the inner column housing
and the upper frit of the column with Buffer W after the sample
has been absorbed into the column bed prior to starting the
actual washing process. For the same reason, it is more efficient
to sequentially wash the column under gravity flow with five
portions of 1 CV than with one larger portion of 5 CV.

9. Usually, the major amount (>80 %) of the Strep-tagged protein
is eluted in E2. To increase the yield, and if lower purified
protein concentration is not an issue, E1 and E3 should be
analyzed, as well, and eventually combined with E2.

10. If affinity chromatography is intended for purification of a
Strep-tagged protein from a cytosolic extract, the cleared lysate
from this step should be applied to a Strep-Tactin affinity
column or cartridge following the procedure described under
Subheading 3.1.

11. Strep-Tactin magnetic beads type 3 are ferrimagnetic spheres
coated with 6 % cross-linked agarose to which Strep-Tactin is
coupled. The average particle diameter is 30 μm. Due to the
comparatively large size and high associated water content and
their ability to bind biomolecules within the agarose matrix,
magnetic beads are quantified according to the wet volume
that they occupy when settled and not according to their dry
weight. Thus, Strep-Tactin magnetic beads type 3 are offered as
5 % (v/v) suspension, which means that 20 μl of a homogenous
suspension contains an amount of beads that occupies a wet
volume of 1 μl. This is the amount to be used according to this
protocol.

12. The volume of the cleared lysate should not exceed 2.5 mL per
μL Strep-Tactin magnetic beads and the concentration of the
Strep-tagged protein should be >10 μg/mL. Higher concen-
trations are, however, generally beneficial to increase purifica-
tion yields according to this protocol.

13. Fast washing may improve yields, as the Strep-tag/Strep-Tactin
interaction will not reach equilibrium during each washing
step.

14. Immobilized tetrameric Strep-Tactin will denature under these
conditions, leading to an additional band at 13.5 kDa during
SDS-PAGE analysis. Strep-Tactin magnetic beads exhibit very
low nonspecific protein binding activity so that no substantial
amounts of other contaminating proteins should be detectable.
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Chapter 9

Robotic High-Throughput Purification of Affinity-Tagged
Recombinant Proteins

Simone C. Wiesler and Robert O.J. Weinzierl

Abstract

Affinity purification of recombinant proteins has become the method of choice to obtain good quantities
and qualities of proteins for a variety of downstream biochemical applications. While manual or FPLC-
assisted purification techniques are generally time-consuming and labor-intensive, the advent of
high-throughput technologies and liquid handling robotics has simplified and accelerated this process
significantly. Additionally, without the human factor as a potential source of error, automated purification
protocols allow for the generation of large numbers of proteins simultaneously and under directly compa-
rable conditions. The delivered material is ideal for activity comparisons of different variants of the same
protein. Here, we present our strategy for the simultaneous purification of up to 24 affinity-tagged proteins
for activity measurements in biochemical assays. The protocol described is suitable for the scale typically
required in individual research laboratories.

Key words Affinity tags, Protein overexpression, Recombinant proteins, High-throughput, Robotics

1 Introduction

The production of recombinant proteins by means of overexpres-
sion in a bacterial background has long become a standard proce-
dure to obtain high-quality protein samples for a wide range of
downstream applications. To separate the overexpressed proteins
from bacterial contaminants, a large toolbox of purification strate-
gies exists. Purification protocols include methods exploiting the
physical and chemical properties of different proteins, such as size,
hydrophobicity and electrostatic charge density. Other procedures
rely on the intrinsic ability of the protein to bind to certain com-
pounds: DNA-binding proteins may bind to heparin, a polymer
whose sulfate groups mimic the negative charge of the DNA phos-
phodiester backbone, and specific antibodies coupled to a chroma-
tography resin will bind their target proteins. However, when used
exclusively these methods often fall short of providing the desired
degree of purity as bacterial contaminants may be present with very
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similar properties as the overexpressed protein. Affinity purification
using antibodies or the protein’s natural interaction partners can
prove difficult if the interaction is too tight and requires stringent
elution protocols which may lead to denaturation of the protein.
To bypass these issues, the concept of affinity purification has been
further developed to fuse an additional protein or peptide with
distinct properties— a “tag”— to the target protein. A large variety
of such tags exist to cater for various requirements and they often
confer additional desirable properties onto the target protein [1]:
The glutathione-S-transferase (GST)-tag will not only bind specifi-
cally to a column charged with glutathione, but also often increases
the target protein’s solubility [2]. Alternatively, a ketosteroid isom-
erase (KSI)-tag usually decreases the protein’s solubility, leading to
the formation of inclusion bodies from which particularly high
concentrations of protein can be recovered [1]. Another popular
tag is the polyhistidine (polyHis)-tag, a small peptide consisting
typically of six or seven histidine residues. The divalent cation-
chelating properties of polyhistidine provide a strong and specific
interaction with Ni2+ ions immobilized on a chromatography
matrix and allow for the selective retention of the tagged target
protein on this matrix [3, 4]. In the elution step, an imidazole-
containing buffer is applied to mimic the histidine side chains and
displace them competitively from the chromatography matrix. This
step can be applied as a gradient of increasing imidazole concentra-
tion, resulting in the tagged protein being eluted within a specific
concentration range. While such a strategy often leads to a particu-
larly high degree of purity, some of the protein may get lost by
being prematurely eluted at lower concentrations. Alternatively, a
buffer containing high concentrations of imidazole (typically 1 M)
can be applied at once to elute all the bound proteins in a single
step. While this will usually deliver higher yields, as nearly all the
protein can be recovered in a smaller volume, the risk of eluting
contaminating proteins is slightly higher but this can often be
minimized by washing the chromatography matrix extensively
prior to the elution step.

Due to its short length, the polyHis-tag will often not signifi-
cantly change the protein’s structural properties and may not inter-
fere with its activity. However, to avoid any potentially arising
problems, the polyHis tag is usually attached to the target protein
via a thrombin-cleavable linker. Following purification, thrombin
digestion will remove the tag and implicitly any ambiguities over
the protein’s activity [5].

The tagging of proteins has already provided a much
faster route to obtain highly pure proteins in sufficient quantities.
Nevertheless, the necessary purification procedures are still time-
consuming and labor-intensive, especially if large numbers of
variants of the same protein must be produced for comparison of
their activities. In addition, there is a significant risk that samples
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get mixed-up, mislabeled or treated differently during manual
procedures. In our recent work, we have embarked on detailed
mutagenesis studies of individual domains of the archaeal RNA
polymerase and its transcription factors. By substituting every sin-
gle residue by all other 19 standard amino acids, we are in an
excellent position to link our observations obtained in functional
biochemical assays to existing structural data, thereby providing an
independent and complementary perspective on the mechanism
these proteins engage in [6–9].

The advent of robotic liquid handling platforms and the option
to use magnetic beads [10] instead of traditional chromatography
columns has allowed us to streamline our purification and assay
procedures for automation [6–9, 11]. We are now in a position to
culture our recombinant protein expression strains in a small-scale
format [7, 9]. The small-scale cultures are subsequently processed
on a robotic platform that performs every single step from cell lysis,
binding to the chromatography wash steps and finally the elution of
the proteins [6, 11]. Quality control steps, such as OD600 measure-
ments and protein quantity determinations, identify any potential
problems that may arise before or during the purification. Using
the method described below, we typically retrieve 100 μL of the
protein at a concentration of 0.5–1 mg/mL which is sufficient for
many types of assays. We have successfully applied this protocol to
obtain and functionally characterize more than 350 single point
mutations of the archaeal basal transcription factor TFIIB [6, 11].
While the method is optimized for this protein, it can be easily
modified to allow the purification of other proteins as well [12].
Since the recombinant proteins used in our research are of hyper-
thermophilic origin, all robotic procedures are carried out at room
temperature. For purifying proteins of mesophilic origin, the
robotic platform may have to be set up in a suitably cooled envi-
ronment (e.g., a coldroom).

2 Materials

2.1 Equipment 1. Reagent Rack for Magnetic Beads (Fig. 2a).

2. Washable pipetting needles for robotic platform.

3. Optical Plate Reader.

4. Robotic Platform (such as The Onyx 44OH/150/100
[Fig. 1]).

5. Microplate Shaker 96-well Magnet Type A (Fig. 2b).

2.2 Plastic ware 1. 96-Deepwell plate; square conical wells; 2.2 mL (Fig. 2b).

2. Microplate 96 well; flat bottom; clear polystyrene; 0.4 mL well
volume.
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3. Microplate 96 well; conical bottom, polypropylene; 0.4 mL
well volume.

4. 24-Deepwell plate; round bottom.

2.3 Reagents 1. Overnight Express™ Instant TB Medium (Novagen).

2. FastBreak™ Cell Lysis Reagent (Promega).

3. Lysonase™ Bioprocessing Reagent (Merck).

4. Antifoam 204 (Sigma-Aldrich).

5. MagneHis™ Ni-Particles (Promega).

6. Bicinchoninic Acid protein determination kit.

Fig. 1 Layout of the robotic platform set up to perform the affinity purification procedure. (a) Photograph and
(b) schematic of the platform outlining all the troughs, plates and specialized pieces of equipment required for
the method
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2.4 Buffers

and Solutions

1. Wash buffer: 20 mM imidazole, 0.1 % Triton X-100, 0.5 M
NaCl, 20 mM Tris-acetate pH 7.9, 10 mM Mg-acetate,
0.7 mM Zn-acetate, 10 % glycerol.

2. Elution buffer: 0.5 M imidazole, 0.1 % Triton X-100, 0.5 M
NaCl, 20 mM Tris-acetate pH 7.9, 10 mM Mg-acetate,
0.7 mM Zn-acetate, 10 % glycerol.

3. Bacterial diluent: 100 mL distilled water, 15 μL antifoam
reagent.

4. Lysis solution: 10� FastBreak reagent, 2 μL lysonase per
sample, 15 mM Mg-acetate.

5. 6 M Guanidine hydrochloride solution.

6. BCA protein quantitation reagent.

3 Methods

3.1 Bacterial Cell

Cultures and

Overexpression of

Recombinant Proteins

1. Sterilize the 24-well plates: Fill the plates with approximately
2 mL water/well and place the lid loosely on top. Microwave
for 4 min. Discard the water. Microwave again for 2 min to
let the residual water evaporate (see Note 1). This simple
procedure provides adequate sterility and can be carried out
quickly. Conventional methods, such as autoclaving, may
distort microwell plates and thus make subsequent robotic
handling more error-prone.

Fig. 2 Purification using MagneHis nickel beads. (a) Stirrer unit to keep the beads in suspension during the
pipetting steps. (b) A deepwell plate positioned on a magnetic platform with magnetic rods interdigitating
between the wells. (c) The magnetic beads in the wells are attracted by the rods and pulled into a corner to
free the centre of the well for easy removal of the supernatant. (d) Schematic of the magnetic rod attracting
the beads in the wells of a deepwell plate
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2. Inoculate 1.5 mL of Overnight Express Instant TB Medium
(also referred to as “autoinduction medium”) with a single
bacterial colony or a glycerol stock. Inoculate several wells
with individual colonies of the same mutant to obtain the
desired number of replicates (we recommend three). Reserve
the required number of wells for positive (wild-type clones) and
negative controls (e.g., clones which have been transformed
with a nonexpressing plasmid). Include at least one medium-
only control to confirm sufficient sterilization of the plate
(see Note 2).

3. Grow the cells for 18 h at 37 �C and shaking at 250 rpm in the
microplate shaker.

3.2 Preparation of

the Robotic Platform

1. Prepare all the buffers and solutions (wash buffer, elution
buffer, bacterial diluent, lysis solution, 6 M guanidine hydro-
chloride, BCA protein quantitation reagent) used during the
procedure, fill the respective troughs of the right size and place
them on the robotic platform (Fig. 1).

2. Dilute MagneHis Ni-particles fivefold in distilled water and fill
them into the bead-stirring unit. Stir continuously to keep the
beads in suspension.

3. Reserve one empty 24-well plate on the platform for the
guanidine hydrochloride waste and another one for the cell
lysis and bead binding step (see Note 3).

4. Place two clear 96-well polystyrene plates for OD600 and absor-
bance measurements and one polypropylene 96-well plate for
the purified proteins on their positions on the platform. Put
one 96-deepwell plate on the magnetic stand.

5. Switch on the robotic platform and flush the pipetting needles
for several minutes to remove air bubbles. Flush re-useable
pipetting needles in between individual pipetting steps or,
alternatively, use disposable tips (see Note 4).

3.3 Analysis of Cell

Growth

This step and all the following are carried out robotically. The exact
program is available on request (Fig. 1).

1. 10 μL of overnight culture are diluted in 90 μL of bacterial
diluent (see Note 5).

2. Confirm that the bacteria have grown to similar densities by
measuring the OD600.

3.4 Lysis and Bead

Binding

1. Lysis and bead binding are carried out simultaneously: The
pipetting arm first transfers 100 μL of MagneHis bead suspen-
sion (Fig. 2a) into each well of an empty 24-well plate, followed
by 900 μL of each bacterial culture. Finally, 100 μL of the 10�
FastBreak/lysonase mix are added.
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2. Using the robotic gripper arm, the 24-well plate is transferred
to the microplate shaker where it is incubated at room temper-
ature and at 800 rpm for 30 min (see Note 6).

3.5 Wash Steps 1. Using the pipetting arm, transfer the cell lysates containing the
resuspended magnetic beads to a 96-deepwell plate which is
positioned on a stand with magnetic rods that slide between the
wells (Fig. 2b–d). Continue the shaking of the 24-well plate in
between the pipetting steps to ensure that the magnetic beads
remain in suspension during the transfer (see Note 7).

2. Optional: Wash the pipette tips between the individual pipet-
ting steps with 6 M guanidine-hydrochloride (see Note 8).

3. Allow sufficient time for the rods of the magnetic stand to
attract the paramagnetic beads, so they are being pulled away
from the centers of the wells. This gives the pipetting needles
free access to the supernatant. Remove and discard the super-
natant (Fig. 2c, d).

4. As the beads will not have been completely transferred to the
deepwell plate, add 500 μL of wash buffer to the 24-well plate
and shake to get the residual beads in suspension.

5. Transfer the wash buffer with the resuspended beads to the
96-deepwell plate on the magnetic stand and remove the
24-well plate from the shaker.

6. Using the pipetting arm, add another 500 μL of wash buffer
directly to the 96-deepwell plate. The plate is transferred to the
shaker and vigorously shaken for 1 min. The plate is moved
back to the magnetic stand and the wash buffer discarded.

7. Repeat this step twice and finish thewash procedure by removing
any buffer remnants from the plate using the pipetting needles.

3.6 Elution 1. Add 100 μL of elution buffer to the beads, move the plate to
the shaker and vigorously shake it for 30 min at room
temperature.

2. Move the plate back to the magnetic platform and allow the
beads to be attracted by the magnetic rods. Take up the eluates
with the pipetting needles and transfer them to a propylene
96-well plate.

3.7 Analysis of

Protein Concentrations

1. The pipetting arm transfers 190 μL of the BCA reagent mix to a
clear 96-well plate and subsequently adds 10 μL of the protein
solution (see Note 9).

2. After several hours of incubation (typically 5–6 h, or
overnight), measure the absorbance and compare it to BSA
standards to determine the concentrations of each of the
purified protein preparations (Fig. 3a).
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3. Use the purified proteins (Fig. 3b) for any downstream applica-
tions at the appropriate concentrations (see Note 10).

4 Notes

1. This procedure provides adequate sterility and can be carried
out quickly. Conventional methods, such as autoclaving, may
distort microwell plates and thus make subsequent robotic
handling more error-prone.

2. We use lac-inducible BL21 (DE3) Rosetta two cells which
initially feed on the glucose contained in the autoinduction
medium and switch to lactose upon its depletion. Lactose
induces the expression of the recombinant proteins.

3. We only use guanidine hydrochloride to wash the needles, i.e.,
the solution is taken up by the pipetting needles and

Fig. 3 Protein quantity and quality. (a) BCA assay allowing the comparison of five samples (S1-S5), the
wild-type (wt) and contaminants in the negative controls (NC) in triplicates against BSA standards to facilitate
calculation of the protein concentrations. (b) Example of a SDS PAGE showing purified TFIIB with a fainter
second band probably indicating a partial product
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immediately discarded. However, the programming software
will not allow commands where solutions are transferred from a
trough directly to the waste station but only to another plate.
By directing it to an empty plate solely used as an additional
waste station, we manage to “trick” the robot. The second
empty 24-well plate for the cell lysis and bead binding step
ensures that defined volumes of culture, magnetic beads, and
cell lysis solution are mixed. To ensure that the needles are
cleaned as best as possible, a small volume is taken up high
into the needle before it is discarded.

4. It is important to remove air bubbles before starting the proce-
dure as they may interfere with pipetting accuracy.

5. The antifoam reagent in the diluent prevents the formation of
air bubbles which would otherwise interfere with the reading.

6. The combined mechanical forces and chemical action break up
the cell walls to release the recombinant proteins into solution
where they immediately bind the MagneHis particles via their
affinity tags.

7. The 96-deepwell plates have a square cone-shaped bottom
which allows easier removal of the supernatant. The wells can
hold volumes of up to 2.1 mL but are filled with much smaller
volumes. This enables us to perform vigorous shaking steps
without sample cross-contamination by splashing.

8. This step is crucial if the desired proteins have got a tendency to
“stick” to the pipetting needles as this may result in cross-
contamination. With other proteins, it may be sufficient to
rinse the needles extensively with water between the pipetting
steps. Alternatively, disposable tips can be used to avoid con-
tamination issues.

9. Peptide bonds reduce Cu2+ from the CuSO4 component pres-
ent in the BCA reagent to Cu1+, whereby the amount of Cu1+ is
proportional to the number of peptide bonds present in the
solution. In a second step, two molecules of bicinchoninic acid
chelate Cu1+ resulting in an absorbance shift to 562 nm, result-
ing in a purple color. The color reaction is time-dependent and
usually needs several hours to be definitive. After that the color
is stable for several hours.

10. In our case, we did not find imidazole to interfere with our
assays. However, it may cause problems for some applications.
In this case, microdialysis units are available and can be
incorporated in the procedure to eliminate the imidazole.
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Chapter 10

Macroporous Silica Particles Derivatized for Enhanced
Lectin Affinity Enrichment of Glycoproteins

Benjamin F. Mann

Abstract

This chapter details procedures for (1) functionalizing macroporous silica particles with lectins, a class of
proteins that have affinity for the glycan moieties on glycoproteins, and (2) utilizing the lectin-silica material
for high-performance affinity chromatography (HPAC) to enrich glycoproteins from small volumes of
biological sample materials.

Key words Affinity chromatography, Glycans, Glycomics, Glycoproteins, Glycoproteomics,
High-performance affinity chromatography, Lectin enrichment, Lectins, Macroporous silica, Reduc-
tive amination

1 Introduction

Plant and fungus lectins have been used to recognize carbohydrate
motifs for several decades [1], and today they remain some of the
most effective tools for selectively capturing glycoproteins in
biological samples. By immobilizing a lectin on a rigid support
material such as silica particles, a high-performance affinity chro-
matography (HPAC) column can offer the bioselectivity of lectin–
carbohydrate interactions, while providing the stability, speed, and
efficiency of a high-performance liquid chromatography (HPLC)
column [2, 3]. HPAC stands in contrast to traditional agarose-
based affinity chromatography methods, which cannot withstand
high flow rates and the associated backpressures because of the
compressibility of the agarose support. A critical component of
lectin HPAC is the binding capacity of the functionalized resin,
which is limited by the surface area of the support material and the
density with which it may be coated with lectins. Surface area can be
increased by decreasing particle diameter, though the low limit
of particle diameter is practically constrained by the backpressure
limitations of a solvent pump in HPAC. Additionally,
introduction of particle porosity can confer a substantial increase
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in surface area; however, in the case of lectin HPAC, in which the
aim is to capture glycoproteins, the pore diameters must be
relatively large to facilitate macromolecular transport and binding
interactions with surface immobilized lectins. It was recently
demonstrated that sub-2 μm lectin-functionalized macroporous
silica particles (100 nm pores, 1.6-μm diameters) packed in a
small column (1.0 mm inner diameter, 50 mm length) provided
high, reproducible binding capacities in microscale lectin enrich-
ment experiments [4]. To demonstrate efficacy, the lectin micro-
column was utilized to enrich glycoproteins from 1 μL aliquots
of blood serum (Fig. 1), followed by downstream glycomic and
quantitative glycoproteomic profiling of the extracted glycopro-
teins with mass spectrometry. Thus, HPAC with macroporous
materials can facilitate enrichment of glycoproteins from minute
quantities of complex biological samples, such as the amounts
commonly available for precious patient-derived samples analyzed
in biomedical disease studies [5].

This chapter outlines the procedures necessary to functionalize
macroporous silica particles with lectins, pack a column with the
material, and perform a HPAC glycoprotein enrichment experi-
ment. It is expected that the reader has a silica material available
or is able to synthesize one. While sub-2 μmmacroporous particles
are not yet commercially available, particles with 100–400 nm
pores can be purchased from Macherey-Nagel, albeit with
larger particle diameters. The particle preparation described in
Subheading 3.1 will include silanization to introduce epoxy surface
groups, followed by oxidation to aldehydes. Lectins will be cova-
lently linked through their primary amines to the aldehyde silica
by reductive amination. Subheading 3.2 will briefly describe a
procedure to pack an HPAC microcolumn, followed by the steps
necessary to perform repeatable lectin enrichment experiments
with a liquid chromatograph (LC).

Fig. 1 (a) SEM image of sub 2-μm macroporous silica particles; (b) a TEM image that shows the
interconnected network of macropores throughout a particle, and (c) triplicate HPAC enrichment of glycopro-
teins in 1-μL aliquots of human blood serum using a column containing the macroporous silica functionalized
with concanavalin A (Con A). The Con A unbound (CU) and Con A bound (CB) fractions are indicated, and the
tick mark at 80 min indicates when elution buffer was applied
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2 Materials

2.1 Functionalizing

Macroporous Silica

Particles with Lectins

1. Macroporous SiO2 particles, spherical and unmodified (SiOH
surface groups).

2. Fume hood.

3. Reflux apparatus: round-bottom flask fitted to condenser via
ground glass joint, two rubber hoses or tubing, ring stand and
clamp (see Fig. 2).

4. Hot/stir plate.

5. Small magnetic stir bar.

6. Thermometer.

7. Buchner funnel with rubber stopper and Erlenmeyer flask with
side port.

8. Filter paper.

9. End-over-end sample rotator.

10. Hydrochloric acid.

11. Silicone oil (rated for oil baths from �50 to 200 �C).

12. A flat-bottom heat-resistant glass vessel for oil bath.

13. (3-Glycidyloxypropyl)trimethoxysilane.

14. Triethylamine.

Fig. 2 Diagram of the reflux condenser apparatus used to silanize macroporous
silica particles
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15. Toluene, dry.

16. Lectin.

17. Phosphate buffer: 4.5 mM sodium phosphate monobasic,
15.5 mM sodium phosphate dibasic, 150 mM NaCl, pH 7.4.

18. 15 mL tube (amber color preferred).

19. (Optional) aluminum foil (if 15 mL tube is clear).

20. (Optional) Sodium thiosulfate (see Note 2).

21. (Optional) Bicinchoninic acid (BCA) protein assay kit.

2.2 Glycoprotein

Enrichment with a

Lectin-Macroporous

Silica HPAC Column

1. Fast protein liquid chromatograph or HPLC.

2. Column packing reservoir (an empty guard column can work).

3. Lectin-macroporous silica resin.

4. Binding buffer (Solvent A): 4.5 mM sodium phosphate mono-
basic, 15.5 mM sodium phosphate dibasic, 150 mM NaCl,
pH 7.4.

5. Elution buffer (Solvent B): 4.5 mM sodium phosphate mono-
basic, 15.5 mM sodium phosphate dibasic, 150 mM NaCl,
pH 7.4, containing 100 mM of the competitive inhibitor sug-
gested for the chosen lectin (e.g., methyl α-D-mannopyrano-
side inhibits the lectin Concanavalin A).

6. PEEK tubing (with desired column inner diameter and cut to
desired column length).

7. 2� zero-dead volume union.

8. 2� ferrule and nut compatible with PEEK tubing and zero-
dead volume unions.

9. 2 � 0.2 μm stainless steel mesh frit compatible with zero-dead
volume unions.

10. 0.22 μm cellulose acetate spin filters with microtubes.

11. Tubes for fraction collection.

12. (Optional) Gas-tight syringe if performing manual injection.

13. (Optional) 10,000 molecular weight cutoff spin filters with
microtubes.

3 Methods

3.1 Functionalizing

Macroporous Silica

Particles with Lectin

1. Dry 1 g of unmodified macroporous silica particles under
vacuum overnight (~18 h).

2. Prepare an oil bath in a flat-bottom heat-resistant glass vessel by
filling with silicone oil and heat to 105 �C on a hot/stir plate.

3. In a fume hood, add the following to a dry 100 mL round
bottom flask:
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(a) 1 g dry macroporous silica particles

(b) 15 mL dry toluene

(c) 200 μL (3-Glycidyloxypropyl)trimethoxysilane

(d) 5 μL triethylamine

(e) Small magnetic stir bar

4. Attach the condenser to the round-bottom flask and secure the
joint (see Note 1).

5. Connect the condenser to a cold water source and a drain with
rubber hoses or tubing.

6. Attach the reflux apparatus to the ring stand with a clamp and
lower the round-bottom into the silicone oil bath until the
liquid level inside the round bottom is below the oil level.

7. Gently stir the mixture under refluxing conditions for 16 h to
silanize the unmodified silica.

8. Remove round bottom flask from the oil bath and let cool to
room temperature.

9. Pour the silica slurry onto a B€uchner funnel covered with filter
paper and dry the particles by suction filtration.

10. Wash the particles successively with 40 mL toluene, 40 mL
acetone, and 40 mL ether. Dry by suction filtration between
washes (see Note 2).

11. Wash the particles twice with 40 mL 10 mM HCl and dry by
suction filtration.

12. Resuspend the particles in 40 mL of 10 mM HCl in a beaker
and heat the slurry for 1 h at 90 �C to convert epoxy groups
to diols. This is the first step to convert the epoxy silica to a
lectin-functionalized material, as detailed in the reaction
scheme, Fig. 3.

13. Pour the diol-functionalized silica onto a B€uchner funnel cov-
ered with filter paper.

14. Wash the particles successively with 40 mL water, 40 mL etha-
nol, and 40 mL ether. Dry by suction filtration between washes
(see Note 3).

15. Mass 100 mg of diol silica into a clean 15 mL tube; an amber-
colored tube is preferable. Add 15 mL of 90 % acetic acid by
volume, vortex 1 min, and centrifuge at 1,000 � g for 1 min
(until particles have settled). Decant acetic acid wash. Repeat
the acetic acid wash a second time.

16. If the 15-mL tube is amber, continue to step 17; otherwise;
wrap the tube in aluminum foil since the sodium periodate used
is light-sensitive.

17. Resuspend the particles in a third 15-mL aliquot of 90 % acetic
acid and add 100 mg sodium periodate.
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18. Add a magnetic stir bar and mix for 2 h at room temperature to
oxidize vicinal diols to aldehydes (see Note 4).

19. Centrifuge at 1,000 � g for 1 min to sediment the particles.
Decant the supernatant. Wash the aldehyde-functionalized sil-
ica five times with 15 mL of phosphate buffer by vortexing,
centrifuging, and decanting each 15-mL aliquot (see Note 5).

20. Add lectin to a 15-mL aliquot of phosphate buffer. If possible,
the amount of lectin added should exceed that required to
cover the silica surface. See Note 6 for an example
approximation.

21. (Optional) Before adding the lectin solution to the silica parti-
cles, take an aliquot and store at 4 �C for protein assay to
estimate the amount of lectin loaded on the particles. A BCA
assay can be performed with a 10-μL volume per the vendor
protocol.

22. Add the lectin solution to 100 mg of aldehyde-functionalized
silica particles. If necessary, gently sonicate ~5 min to disrupt
particle aggregates. Agitate with end-over-end rotation for 1 h
at room temperature. During this step, primary amine groups
on the lectins react with aldehydes on the silica surface to form
Schiff bases.

Fig. 3 Reaction scheme to convert epoxy-functionalized silica to lectin-functionalized silica

114 Benjamin F. Mann



23. Add 5 mg of sodium cyanoborohydride to reduce Schiff bases
to secondary amines. Incubate for 18 h at 4 �C with end-over-
end rotation. The lectin-macroporous silica material is ready to
pack in a HPAC column.

24. (Optional) Centrifuge lectin-silica slurry to sediment particles
at the bottom of the tube. Collect an aliquot (same volume as
taken in step 21) of the supernatant for BCA protein assay.
By comparison to the aliquot obtained in step 21, the amount
of lectin loaded on the macroporous silica may be estimated.

3.2 Glycoprotein

Enrichment with a

Lectin-Macroporous

Silica HPAC Column

1. Fill the solvent reservoirs on a liquid chromatograph with lectin
binding buffer (Solvent A) and elution buffer (Solvent B).
Purge all solvent delivery lines with the buffers and equilibrate
the system in Solvent A.

2. Fill a packing reservoir with slurry containing phosphate buffer
and enough lectin-coated silica to fill the volume of the desired
HPAC column (seeNote 7). For example, a 5-cm column with
a 1-mm inner diameter has a volume of 40 μL and can be filled
with less than 50 mg of most macroporous silica materials.

3. Cap one end of the analytical column with a frit. This is accom-
plished by placing the frit in a zero-dead volume union, then
securing the column to the union with a ferrule and nut. Attach
the other end of the column to the packing reservoir. Be sure
there is not a frit between the packing reservoir and the column
(see Fig. 4). Attach the other end of the packing reservoir to the
solvent pump on the LC. The fritted end of the empty column
should be directed to a waste reservoir, not connected to the
LC detector, as particle fines or debris may pass through the frit
during packing.

4. Apply Solvent A at a flow rate of 2 column volumes per minute
(CV/min) to pack the column with the lectin-macroporous
silica slurry (see Note 8). Once packing is complete, cap the
other end of the column with a frit and zero-dead volume
union as in step 3. The column is ready to be used for HPAC
or stored (see Note 9).

5. Prior to attaching the lectin column, it is highly recommended
to operate the LC system in 100 % Solvent B, followed by
100 % Solvent A, making note of the stable conductivity
reading when the system is equilibrated in each of the solvents.
Later, when the column is in use, conductivity provides a means
to monitor the mobile phase environment inside the column.

6. Equilibrate the instrument in Solvent A, then attach the lectin
column. Before the first HPAC experiment, equilibrate the
column in Solvent A. Stable conductivity and UV (280 nm)
indicates the column has been equilibrated. Recommended
flow rate: 0.25–1 CV/min, maintaining a back pressure
<50 % of maximum recommended for the LC pump.
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7. Create a three-step solvent delivery program to (1) capture
bound glycoproteins while simultaneously washing away
unbound sample components, (2) elute preconcentrated gly-
coproteins, and (3) re-equilibrate the lectin column to the
initial condition in preparation for the next injection. See
Table 1 for a recommended solvent delivery program (also see
Note 10).

Fig. 4 "Pulled apart" diagram of the components used to pack a lectin-
macroporous silica microcolumn

Table 1
Recommended solvent delivery program for lectin HPAC (see Note 9)

Phase Description Solvent Flow rate (CV/min) Volume (CV)

1 Binding 100 % A 0.1–0.25 15

2 Elution 100 % B 0.5–2 10

3 Re-equilibration 100 % A 0.5–2 40
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8. Prepare sample for injection. In the case of biological fluids
or tissue-derived mixtures, it is absolutely necessary to filter
samples with 0.22-μm cellulose acetate spin filters prior to
injection. For blood serum, it is recommended to dilute the
sample 1:100 in binding buffer and then filter. The spin filter
should be fitted in a microtube and the sample loaded on top.
Centrifuge at 1,000 � g for 1 min to filter particulates and
collect the filtrate for lectin HPAC.

9. Inject the sample and run HPAC experiment according to
parameters selected in step 7. For glycoprotein samples, deter-
mine when the unbound and bound fractions elute by moni-
toring UV absorbance (280 nm). Collect the bound and
unbound fractions as needed for downstream analyses
(see Note 11). It is recommended to determine the binding
capacity of the column with an appropriate standard glycopro-
tein sample prior to fractionating complex mixtures. For exam-
ple, the glycoprotein binding capacity of a Concanavalin A
column can be evaluated with horseradish peroxidase.

4 Notes

1. The author recommends a Keck clip to secure the joint.
Vacuum grease may be used, but take care to remove excess
grease and prevent contamination of the refluxing silica slurry.

2. It can be estimated that 2.5 μmol of epoxy groups are added for
each 1 m2 of silica surface area [6]. The number of epoxy
groups can also be experimentally determined as follows.
First, accurately mass 60 mg of dry epoxy silica. Suspend in
2 mL water and adjust pH to 7. Add 1 mL of 3 M sodium
thiosulfate, 100 mM HCl, pH 7. Allow to react for 1 h and
measure pH; the amount of HCl consumed is equivalent to the
number of epoxy groups on the silica surface [6].

3. Diol silica can be stored in a dry container for an extended
period. If necessary, this can be a good stopping point in the
procedure. Likewise, it is a good starting point if the researcher
has previously generated diol silica material or acquired diol
silica from a commercial source.

4. Either transfer the diol silica to a small beaker for stirring or be
sure that the 15-mL tube can be sealed and rested horizontally
on a stir plate for thorough stirring.

5. Copious washing ensures that the sodium periodate does not
oxidize the lectin and potentially change its binding properties.
Phosphate buffer can be substituted for other buffers in the pH
range 7–8.5, but take care to avoid buffers containing amines
such as tris.
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6. Example:Assumingeach lectinmolecule (Mw ¼ 100,000g/mol)
covers 10 nm2 of the silica surface, 100 mg of silica with
100 m2/g surface area can be coated with ~16.6 mg of lectin.
If lectin is available in limited quantity, less may be used, though
a high lectin density can generate multivalent binding interac-
tions [7] and enhance the avidity of the affinity resin [4].

7. In the absence of a packing reservoir, an empty stainless steel
guard column can be used. Be sure that at least one of the frits is
removed to allow the lectin-silica particles to pass into the
analytical column.

8. The back pressure should rapidly increase and eventually stabi-
lize as the column is packed. Packing flow rate can be adjusted
up or down as necessary but should always be higher than the
maximum flow rate to be used during the enrichment experi-
ments. This ensures that the column is not continuously packed
during use.

9. It is recommended to store the column refrigerated and
immersed in lectin binding buffer to ensure that it does not
dry out between uses. The buffer should contain 0.02 %
sodium azide to prevent microbial growth. A 5-cm column
with zero-dead volume unions will fit in a typical 15-mL tube.

10. Phase 1: The lowest flow rate possible provides the maximum
time for sample to interact with the affinity column and thus
ensures maximum binding of target glycoproteins. Phase 2:
The upper limit of flow rate is usually determined by back-
pressure constraints. A higher flow rate will yield the elution
peak faster. Additionally, a higher flow rate in Phases 2 and 3
reduces the time required per HPAC experiment. Phase 3: For
reproducible enrichment, regenerating the initial column con-
dition is the critical step. Monitoring the conductivity can help
determine the number of CV necessary to re-equilibrate the
column. The author notes that recommended conditions in
Table 1 can serve as a starting point but will likely not be
optimal for all affinity experiments and should be optimized
by the researcher for the specific HPAC application.

11. It is often necessary to buffer exchange the fractions collected
from lectin HPAC enrichment of glycoproteins prior to down-
stream analyses, particularly when samples will be prepared for
mass spectrometry measurements. In this case, it is recom-
mended to collect fractions in 10,000 molecular weight cutoff
spin filters so they can be immediately exchanged to the desired
buffer.
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Chapter 11

Immobilized Magnetic Beads-Based Multi-Target Affinity
Selection Coupled with HPLC-MS for Screening Active
Compounds from Traditional Chinese Medicine and Natural
Products

Yaqi Chen, Zhui Chen, and Yi Wang

Abstract

Screening and identifying active compounds from traditional Chinese medicine (TCM) and other natural
products plays an important role in drug discovery. Here, we describe a magnetic beads-based multi-target
affinity selection-mass spectrometry approach for screening bioactive compounds from natural products.
Key steps and parameters including activation of magnetic beads, enzyme/protein immobilization, charac-
terization of functional magnetic beads, screening and identifying active compounds from a complex
mixture by LC/MS, are illustrated. The proposed approach is rapid and efficient in screening and identifi-
cation of bioactive compounds from complex natural products.

Key words Affinity selection, HPLC-MS, Magnetic particles, Natural products, Rapid screening

1 Introduction

In past decades, remarkable progress has been achieved in screening
and identifying active compounds from herbs, marine products,
prescriptions of traditional Chinese medicine (TCM), and other
natural products [1], which is considered as invaluable resources
for lead discovery [2]. However, due to the complexity in chemical
composition of those natural products, conventional screening
strategies such as phytochemical screening and bioassay-guided
fractionation are time-consuming and labor-intensive. Numerous
inactive compounds are obtained during repeated isolation and
purification, which could be a reason for the common low hit
rates [3]. Therefore, a number of affinity selection-mass spectrom-
etry (ASMS) techniques have been developed to directly concen-
trate and isolate bioactive compounds which can interact with
biomacromolecules [4, 5].
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Enzyme/protein-coated magnetic beads have been successfully
applied in discovering active compounds from medicinal plants as
well as other natural products. Yasudu M. et al. prepared SIRT6
protein-coated magnetic beads to investigate novel active ligands
from fenugreek seed extracts [6]. In our previous studies, we used
alpha-glycosidase/maltase/invertase/lipase-immobilized mag-
netic beads to identify a few of active compounds from herbs and
traditional Chinese medicine, such as identifying poncirin as a novel
lipase inhibitor from total flavonoid of Fructus aurantii [7, 8].
Magnetic beads-based ASMS techniques exhibited several advan-
tages over conventional screening approaches, including requesting
less quantities of targets and ligands, and the capability to simulta-
neously generate structural and biological data of active com-
pounds [9]. Furthermore, these approaches, which directly or
indirectly assess binding of a candidate molecule to its target recep-
tor, successfully preclude false positives that arise from off-target
activity or interactions with degradation products or other
reagents. Moreover, because multiple enzymes/proteins can be
immobilized on the surface of magnetic beads, multiplex screening
of active compounds from TCM or natural products could be
performed simultaneously.

The brief chart of the proposed multi-target affinity selection
approach is presented in Fig. 1. Briefly, activated magnetic beads
were modified with multiple enzyme/proteins. Subsequently,
extracts of traditional Chinese medicine or natural products were
incubated with the functionalized beads for an appropriate period
of time. Afterwards, immobilized beads were collected by magnetic
separation and washed several times to avoid nonspecific adsorp-
tion. Then, the enzyme–inhibitor complex was dissociated by
organic denature reagents to obtain potential active compounds
for analysis by HPLC-MS.

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized water by ion-exchange system) and analytical grade
reagents (unless indicated otherwise). All reagents were prepared
and stored at room temperature (unless indicated otherwise).

2.1 Preparation of

Enzyme-Immobilized

Magnetic Beads

1. Magnetic beads: Dynabeads from Invitrogen (Carlsbad, CA,
USA) (see Note 1).

2. Coupling buffer and washing buffer: 25 mM MES, pH 6.0.
Weigh 266.56 mg MES (2-(N-Morpholino)-ethanesulfonic
acid) powder, and transfer to a 50 mL centrifuge tube contain-
ing 40mL of water. Shake and vortex for 3 min, then adjust pH
with sodium hydroxide (NaOH) to 6.0. Make up to 50 mL
with water. Store at 4 �C (see Note 2).
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3. Activation buffer 1: 50 mg/mL EDC solution. Weigh 2.5 g
1-(3-dimethyl-aminopropyl)-3-ethyl-carbodiimide (EDC) and
transfer to a 50 mL centrifuge tube. Use MES buffer to dis-
solve EDC to a final volume of 50 mL (see Note 3).

4. Activation buffer 2: 50 mg/mL NHS solution. Weigh 2.5 g
N-hydroxysuccinimide (NHS) and transfer to a 50 mL centri-
fuge tube. Use MES buffer to dissolve NHS to a final volume
of 50 mL (see Note 4).

5. Enzyme solution: Weigh 50 mg enzyme and transfer to a
50 mL centrifuge tube. Add MES buffer to a volume of
50 mL. Store at 4 �C (see Note 5).

6. Washing buffer: phosphate buffer saline (PBS). Dissolve 57.3 g
disodium phosphate in 1 L water to obtain solution A, and
dissolve 25.0 g sodium dihydrogen phosphate in 1 L water
to obtain solution B. Mix 190 mL solution A and 810 mL
solution B to obtain 1 L PBS solution.

Fig. 1 Schematic diagram of the magnetic beads-based multi-target affinity selection-mass spectrometry
approach
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7. Blocking buffer: 0.5 %(w/v) Bovine Serum Albumin (BSA)
solution. Weigh 50 mg BSA, and transfer to a 15 mL centrifuge
tube. Dissolve in 10 mL PBS and vortex.

2.2 Screening and

Identification

1. Extracts of traditional Chinese medicine: Dissolve dried
powder of TCM extract in water to a concentration of
10 mg/mL and submit to ultrasonic shaking for 10 min.
Centrifuge the aqueous solution at highest speed for 10 min,
and collect supernatant solution for screening (see Note 6).

2. Chromatographic solutions: mobile phase 1: 0.1 % (v/v)
formic acid in water; mobile phase 2: acetonitrile (chromatog-
raphy grade). Add 1 mL formic acid (chromatography grade)
into 1 L water (see Notes 7).

3. Pure compounds stock solution: For enzyme inhibition assay,
compounds should be dissolved in DMSO with a high concen-
tration (such as 100 mM), and subsequently diluted by assay
buffer (see Notes 8).

4. Organic denature reagents: 10 % (v/v) acetonitrile-water. Add
10 mL acetonitrile (chromatography grade) into 100 mL
water.

3 Methods

All procedures are carried out at room temperature unless
otherwise specified.

3.1 Preparation of

Protein/Enzyme-

Immobilized Magnetic

Beads

1. Transfer 100 μL of the beads (~1 mg) to a 1.5 mL centrifuge
tube (see Note 9). In order to separate the beads from the
solution, put the centrifuge tube on a magnetic separation
stand and allow the beads to precipitate, then remove the
supernatant (see Note 10). Add 100 μL MES buffer to the
centrifuge tube, then vortex. Remove the washing solution
after the beads are precipitated by a magnetic stand or perma-
nent magnet. Wash the beads in this way for two times.

2. Add 50 μL EDC and 50 μL NHS solutions to the centrifuge
tube, then shake and rotate the mixture in a stirring mixer for
30 min at room temperature to activate the magnetic beads.
Put the tube on the magnetic stand or permanent magnet,
remove the supernatant. Add 100 μL MES buffer to the cen-
trifuge tube, use the method above to wash the beads for two
times.

3. Add 100 μL enzyme solution into the tube. Incubate the beads
at 37 �C for 24 h after vortex. Previously, invertase, lipase,
maltase, and α-glycosidase have been individually immobilized
on magnetic beads in our laboratory (see Note 11).
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4. Remove the supernatant after separation. Add the blocking
buffer (0.5 %(w/v)aqueous BSA solution) to the tube to stop
the reaction. Rotate the mixture in a stirring mixer for 15 min
at room temperature, after separation, remove the supernatant.
Add 1 mL PBS to the beads. Store the enzyme-coated mag-
netic beads at 4 �C (see Note 12).

3.2 Characterization

of Immobilized

Magnetic Beads

Characterize blank magnetic beads and enzyme-coated magnetic
beads by transmission electron microscopy (TEM) and infrared
spectroscopy (IR).

1. TEM: Add ethanol to the beads after discarding the superna-
tant. Add several drops of solution on carbon membrane sup-
port. After the complete evaporation of ethanol, set the copper
net on the sample equipment. Representative images of blank
magnetic beads and enzyme-coated magnetic beads are shown
in Fig. 2 (see Note 13).

2. Infrared spectra: Weigh 1–2 mg of the samples (see Note 14),
add 200 mg potassium bromide (KBr) powder of 200 mesh,
grind in an agate mortar under the infrared lamp. Then, add
the powder to a mold to generate a tablet under the vacuum
state. Remove the tablets into the sample holder with tweezers
carefully (see Note 15).

3.3 Screening and

Identifying Active

Compounds from

Extracts of TCM and

Natural Products

1. Analyze TCM extracts by liquid chromatography electrospray
ionization mass spectrometry (LC/ESI-MS) (see Note 16).

2. Incubate TCM extract with blank and enzyme-coated mag-
netic beads. Add immobilized magnetic beads with different
enzymes into three connecting chambers (40 mL), which
have three permanent magnetic fields at the bottom to force
the beads to precipitate. The representative diagram of the
whole equipment is shown in Fig. 3.

Fig. 2 (a) TEM image of blank magnetic beads, (b) TEM image of enzyme-coated magnetic beads
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3. Pump the extracts of TCM (~10 mg/mL) into the three
chambers by a peristaltic pump. Incubate them for 2 h after
the three chambers are entirely filled. Then pump the flowing
PBS (120 mL) into the chambers to remove the unbound
compound in the extracts of TCM. Discard the supernatant.
Add 10 % acetonitrile-water into each chamber to dissociate the
enzyme–inhibitor complex and release the bound ligands into
solution.

4. Collect the eluents of each chamber after separation. Add the
eluents to 1.5 mL centrifuge tube before centrifuging at high-
est speed for 10 min. Transfer 200 μL supernatant into sample
vials (see Note 17).

5. Analyze the eluents after incubating with blank and enzyme-
coated magnetic beads. The peaks occurred in the eluents of
blank experiment might represent nonspecific bound com-
pounds of certain enzyme. Compare the total ion current
chromatogram of blank and enzyme-coated magnetic beads,
identify active compounds by calculation of the difference in
peak area.

6. Isolate and purify active compounds from extracts of TCM and
natural products (see Note 18).

3.4 Validating the

Activities of Identified

Compounds

Evaluate the activities of identified active compounds by traditional
enzyme inhibition assays (see Note 19).

Fig. 3 Representative diagram of multi-target screening of active compounds from mixture of TCM and natural
products
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4 Notes

1. Magnetic beads (namely Dynabeads® MyOne™Carboxylic
Acid) are supplied in an aqueous suspension. According to
the manufacturers’ instructions, the beads are 1 μm in diameter
and composed of highly cross-linked polystyrene with evenly
distributed magnetic material. Keep beads in refrigerator at
4 �C before use. Magnetic beads with different size or from
other manufactures can also be used, while reagents for activa-
tion and immobilization might be appropriately adjusted.

2. MES buffer can be kept for 1–2 weeks. If solution is kept for a
long time, pH should be re-adjusted before use. Vortex the
50 mL centrifuge tube by vortexing before use. The amount
and concentration of MES buffer might be varied depending
on experimental circumstances.

3. Vortex tube for 5 min to ensure complete dissolving of EDC.
EDC solution should be prepared freshly before use.

4. Vortex tube for 5 min to ensure complete dissolving of NHS.
NHS solution should be prepared freshly before use.

5. Enzyme solution should be carefully stored at 4 �C to preserve
its stability and activity. If enzyme solution needs to be stored
for more than 1 week, freeze the stocking solution in small
quantities at �20 �C and thaw before use. Repeated fro-
zen–thaw cycles should be avoided.

6. Absolutely avoid any organic solution in TCM extract, because
enzyme might be denatured by organic solution during incu-
bation. For extracts containing high contents of glucose, salts,
and hydrophobic constituents, a pre-purification step or pro-
longed dissolving time is needed to prevent any potential non-
specific binding of enzymes.

7. Mobile phase for high-performance liquid chromatography
coupled with mass spectrometry (HPLC/MS) analysis should
be degassed before use to keep a stable baseline.

8. Final concentration of DMSO for inhibitory assay should be
less than 0.5 % (v/v) to avoid the impairment of enzyme
activity.

9. Beads are suspended in the aqueous solution. Homogenize
beads to homogeneity before applying any transferring or
quantization steps.

10. Centrifuge tube should be closely attached to the surface of the
permanent magnet to allow for the full participation of the
beads. Avoid loosing of any magnetic beads when removing
the supernatant.
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11. It is important to set a control group of blank beads without
immobilized enzyme or beads incubating with denatured
enzyme throughout the whole experiment. The denatured
enzyme solution could be prepared by boiling the enzyme
solution for 10 min.

12. Enzyme-coated magnetic beads should be used as soon as
possible. Avoid storing enzyme-coated magnetic beads in
refrigerator for long time.

13. Usually, 1 μm-sized magnetic beads can be observed by trans-
mission electron microscopy (5,000–20,000-fold).

14. Sample should be evaporated to dryness with a centrifugal
evaporator before analyzing.

15. Avoid the interference of water throughout the whole
experiment.

16. To obtain useful chemical information of active compounds,
chromatographic parameters should be optimized to achieve
good separation of compounds. High-resolution mass spec-
trometry is preferred to obtain accurate molecular weight of
each chromatographic peak.

17. Usually, 3–10 μL eluent were injected for HPLC/MS analysis.
It might help to enrich samples to a higher concentration
before analysis.

18. When active compounds were commercially available, identi-
fied compounds can be obtained from qualified resources.

19. Validation assay should be performed using classical methods.
It is suggested to determine a positive control in parallel to the
identified active compounds in the test.
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Chapter 12

Mixed-Bed Affinity Chromatography: Principles
and Methods

Egisto Boschetti and Pier Giorgio Righetti

Abstract

Mixed-bed chromatography is far from being a well-established technology within the panoply of
bioseparation tools. Composed of an assembly of distinct sorbents that are mixed in a single bed, they
have been mostly developed in the last decade for the reduction of dynamic concentration range where they
allowed discovering many low-copy proteins within very complex proteomes.
Other interesting preparative applications of mixed-bed chromatography have since been developed.
In this chapter the basic concepts first and then detailed application recipes are described for (1) the

reduction of protein dynamic concentration range, (2) the removal of impurity traces at the last stage of a
biopurification process, and (3) the selection and use of sorbents as mixed bed in protein purification.

Key words Chromatography, Mixed beds, Affinity ligands, Sorbent Screening, Proteomics, Dynamic
range, Polishing, Protein purification

1 Introduction

Although chromatography in its orthodox version is based on a
single sorbent that is of relatively large specificity to allow fractio-
nating protein mixtures into simplified fractions each comprising a
number of species smaller than in the initial sample, we here intro-
duce the notion of “mixed bed” and give technical details on
selected applications. This is an unusual approach of making liquid
chromatography of proteins. A number of rules inherent to
this technology are here swept off and novel notions applied.
For instance different chemically substituted sorbents that are
commonly used sequentially are mixed together here. The selection
of the loading buffer is made according to its compatibility with all
sorbents constituting the mixture. The number of single sorbents
can range from two to several dozens, hundreds or even thousands,
as in the case of combinatorial solid phase libraries. Nevertheless,
there are a number of common rules especially in regard to the
matrix properties (mechanical and chemical stability, narrow
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particle size, right porosity for free protein diffusion, density of the
active interaction sites, and very low levels on nonspecific binding)
that need to be preserved. Under common conditions certain
proteins are captured by some sorbents and others are captured
by other sorbents of the mixture. The elution however is generally
operated simultaneously to all sorbents and must be constructed in
order to be effective for all situations.

Mixed-bed chromatography can either be used as flow-through
separation method or as adsorption-elution; both technical
approaches are detailed below in the Subheading 3.

The purification of a protein from a biological extract normally
requires two or more chromatographic columns selected on the
basis of their complementary properties. Thus ion exchangers are
followed by metal chelating chromatography and or by hydropho-
bic chromatography columns. Rules are based on some known
properties of the target protein such as the isoelectric point, or
the content of hydrophobic amino acids, or the extent of glycosyl-
ation and/or the molecular mass. Therefore, it is always a complex
process to reach an effective final separation procedure. This situa-
tion naturally calls for alternative approaches. One of them is to use
a high affinity principle as first step with specific ligands; another
possibility is to mix sorbents and thus save separation steps.
The latter seems illogic because the sorbents are generally not
compatible to each other in terms of conditions of use. Neverthe-
less, several approaches have been successfully tried. This was the
case already in the 1980s [1, 2] with the mixture of ion exchangers
for protein fractionation. Other examples followed frequently
involving mixtures of ionizable sorbents [3–8]. Most of their appli-
cations are today focused on proteomics studies as it is the case for
immunoaffinity mixed-bed chromatography [9, 10].

The mixed-bed methods remained however very limited in
their approach because of difficulties in making rational mathemat-
ical models and describing guides for practical utilization.

With the advent of proteomics investigations the necessity of
fractionation forced users to devise methods simplifying the separa-
tion processes or segregating groups of proteins. Two approaches
were proposed: the one is the use of mixed beds resulting from a
selection of sorbents that are then mixed together and used in a
single column and the other is the use of combinatorial mixed-bed
sorbents composed of a very large variety of sorbents obtained from
solid phase combinatorial synthesis. The first approach comprises
mixtures of different immobilized antibodies against selected
proteins used to remove several antigens at the same time from a
biological extract [9]. In this respect as a mirror-like approach
several distinct antigens could be individually immobilized and
then the resulting sorbent mixed together to isolate corresponding
antibodies from blood serum at the same time. This is possible
because the adsorption conditions (e.g., physiological buffers)
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and desorption conditions (deforming buffers) are strictly the same
as suggested by affinity chromatography procedures [11].

The second approach (combinatorial mixed beds) is very dif-
ferent in the sense that nothing can rationally be expected from a
loading and elution of a protein mixture under normal exploitation
conditions. However, the situation changes drastically if instead of
loading normal amounts of samples that do not exceed the binding
conditions, a large overloading is operated. The obtained main
difference between the initial and the eluted samples is the relative
concentration of the components of the mixture. This difference
could be of fundamental importance for proteomics study applica-
tions as described below.

There are situations where mixed beds have been composed of
two sorbents with different roles: one of them is usable for the
adsorption of proteins and the other confers to the local environ-
ment a given pH inducing separation of proteins according to their
isoelectric point [12].

Mixed beds are a natural outcome to the sophistication of
chromatographic separation approaches operated over years.

The protein separation with mixed sorbents being quite
unusual, we believe it is very important to introduce the principles
that allowed developing mixed beds that found their origin from
the better-known use of “mixed-mode” ligands. This trend started
by mixing chemical functions on a single ligand to enhance protein
selectivity during a chromatographic purification process. These
ligands are currently named multi-mode or mixed-mode mole-
cules. From relatively simple molecules to quite sophisticated struc-
tures, the literature is rich in examples starting from the 1970s to
the present day [13–20]. They associate ion-exchange effects with
hydrophobic interactions and hydrogen bonding within the same
ligand creating thus peculiar interplays with the target protein.
Initially these ligands were currently available and well-known
molecules; later on they were specifically designed as a function of
the interaction site of the adsorption of the target protein [21–23].
On that second situation main efforts have been deployed towards
two directions: the first was the design of mixed-mode ligands for
the separation of major single proteins such as antibodies, and the
second was the use of dyes, amino acids, peptides and their deriva-
tives for the separation of proteins in general. All these mixed-mode
ligands associate several interaction sites. The case of antibodies is
very illustrative because a large number of efforts have been
deployed for the design of specific ligands for their isolation start-
ing from blood serum, ascites fluids, or cell culture supernatants.
This was justified by the high cost of the most known natural
specific ligand for Fc antibody fragment which is Protein A [24]
and by the extremely large market represented by the production of
therapeutic antibodies. Among the designed ligands are heterocy-
clic molecules [25, 26], thiophilic structures [27], peptides [28]
and oligonucleotides [29] just to mention a few.
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An important step in the ligand design competition for antibody
purification was the development of so-called “hydrophobic charge
induction structures.” The heterocyclic ligand comprises hydro-
phobic adsorption sites for protein capture when close to physio-
logical conditions. The pK value of the heterocycle is such that
during the adsorption phase it is uncharged (mercaptoethyl-
pyridine). A modification of the environmental pH induces an
electric charge of the ligand that is of the same sign of the captured
protein with the consequence of a repulsion force resulting in the
elution of the protein. This phenomenon, which is not only used
for antibodies, has been extended to other dual-mode ligands such
as 2-mercapto-5-benzimidazolesulfonic acid, an aromatic hetero-
cyclic molecule carrying a strong anionic group [30] instead of a
cationic group.

In the same way other heterocyclic compounds have been
described asmixed-mode ligands for the separationof antibodies [31].

Among mixed-mode ligands for liquid chromatography, natu-
ral or unnatural amino acids represent an interesting category of
molecules. They carry ionic, hydrophobic, or aromatic heterocyclic
structures and are an ideal material for the production of more
complex structures: peptides, peptoids, and derivatives. From pep-
tide libraries for instance Yang et al. [32] selected three antibody-
affinity sequences: HYFKFD, HFRRHL, and HWRGWV that were
grafted on solid phase beads and used in affinity purification. The
last one was used for the separation of antibodies from different
sources and advantageously compared to other current affinity
ligands [33, 34]. As a final example a modified peptide has recently
been described [35] comprising arginine, glycine, and aromatic
rings optimized for the purification of antibodies by affinity
chromatography. All attributes for a mixed-mode ligand were
equally present.

It is within the context of the mixed-mode character of amino
acids and peptides that the concept of mixed bed took off.
In practice several amino acids have been used to capture proteins
by affinity chromatography [36]. These molecules carry a side chain
with well-defined structures and properties making them a good
source of mixed-mode ligands. Hence arginine was used for the
purification of uricase [37]; phenylalanine was adopted for the
separation of a bacterial dehydratase [38], and histidine was
employed for the separation of antibodies [39]. When starting
from a lysate of red blood cells it was demonstrated that groups
of proteins could be separated when using different immobilized
amino acids [36]. Figure 1a illustrates a clear example of using
aspartic acid, valine, and tyrosine grafted via their carboxylic termi-
nal group to separate different proteins from the same initial
biological sample and under strictly the same conditions. This
approach was extended to 16 amino acids with the demonstration
that, in spite of a large overlap, each amino acid contributes for
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additional capture of exclusive protein. From this fact it became
obvious to believe that mixing all together the immobilized amino
acid on chromatographic supports would associate the capture
properties of each bed component. This is clearly demonstrated

Fig. 1 (a) Two-dimensional electrophoresis of eluates from affinity columns grafted with mixed-mode ligands:
aspartic acid (Asp), valine (Val), and tyrosine (Tyr). The initial protein sample was a human red blood cell
extract. Each affinity ligand used under physiological conditions carries different chemical functions able to
create interactions with various proteins; however, it captures different types of proteins as illustrated. Above
the two-dimensional electrophoresis maps are the chemical structures of the corresponding amino acids
grafted on the solid chromatographic support. (b) Demonstration that affinity amino acid ligands used
separately and together as a mixed bed produce the same results. The two-dimensional electrophoresis
map on the left is obtained by using a mixture of 15 eluates from 15 different immobilized amino acids.
The two-dimensional electrophoresis map on the right is obtained by using a single eluate from an affinity
mixed-bed column composed of the same 15 different amino acids ligands. The spot count was very similar at
around 270 polypeptides and also qualitatively similar. Part b of this figure is adapted with permission from
Bachi et al. [36]. pH gradient: 3–10; Coomassie staining
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by the Fig. 1b where two-dimensional electrophoresis analysis
shows that the protein distribution from the mixture of all single
amino acid eluates is similar—if not identical- to the eluate of the
mixed-bed column comprising the same grafted amino acids mixed
together as a mixed bed. The patterns appear strictly the same in
terms of spot distribution and spot intensity.

Mixing chromatographic beads carrying ligands with different
functional groups is conceivable when the separation conditions are
compatible for all members of the mixture. This is for instance the
case when sorbents are used under physiological conditions such as
antibodies or lectins. Mixtures of discrete affinity sorbents each
carrying a different antibody have extensively been used in proteo-
mics studies for the removal of high-abundance proteins (e.g.,
albumin and IgG from blood serum) [9, 40]. The most popular
mixtures comprise six antibody sorbents, but more complex mix-
tures are currently commercially available. The procedure is rela-
tively simple; it consists in loading the biological sample on the top
of the immunoaffinity mixed-bed antibody column and collecting
the depleted sample in the flow-through as illustrated in Fig. 2 for
human serum. The proteins resulting from the treated sample are
unfortunately and unavoidably diluted with some problems for the
detection of very dilute species.

Another easily affordable affinity mixed bed made by rational
selection of sorbents is obtained by mixing lectin sorbents designed
to capture glycoproteins carrying complementary glycans. This is
used when attempting to capture the largest panel of glycoproteins
from a protein extract. In this configured mixed-bed affinity
column several families of human plasma glycoproteins were

Fig. 2 Two-dimensional electrophoresis of untreated human serum (a) and the same serum sample after
treatment with a mixed bed of affinity antibodies grafted on chromatographic beads (b). Albumin (the main
spot) and antibodies (represented by heavy and light chains strings, see arrows) are clearly removed by
poly-immunoaffinity chromatography. pH gradient: 3–10; Coomassie staining
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captured with the use of a ternary mixed-mode lectin column
obtained by mixing immobilized concanavalin A, wheat germ
agglutinin, and jacalin [41]. The adsorbed glycoproteins were
then eluted and collected all together. Such an approach allowed
comparing side-by-side the glycoproteomes of normal with patho-
logical samples [42].

Mixed beds can take quite complex configurations when the
number of sorbents constituting the bed is large; this can go up to
millions of singular sorbents especially when dealing with combina-
torial solid phase synthesis.

Extensively described in the last few years this technology is
mostly based on combinatorial peptides prepared by solid phase
synthesis under so-called conditions of split-and-pool that was
described by the first time in the early 1990s [43, 44], and perfected
later [45]. This synthesis yields a mixture of chromatographic beads
where each single bead carries a unique peptide structure. All possi-
ble structures are present in the same mixed bed. The number of
amino acids involved in the synthesis and the length of the peptide
ligands determine the number of diverse structures that can reach
millions of affinity ligands. Therefore, statistically all possible affinity
ligands for proteins are present in the same mixed bed of sorbents.
Such peptide libraries can be used in regular underloading condi-
tions and in large overloading conditions. In the former case the
main application is to terminate a purification process of a protein
(polishing) by removing all impurity traces [46]; in the second case
the most important application is the compression of the dynamic
concentration range to empowering the capability of proteomic
studies [47, 48] with the capability to discover many very
low-abundance species. These libraries are very open in terms of
length, composition and use, since they can be obtained by using
selected amino acids (natural and/or unnatural), they can be chem-
icallymodified or not, they can be used under different conditions of
pH and ionic strength (for more details see ref. [48]).

The relative complexity of mixed beds however limits somehow
the flexibility of utilization. The applications are powerful but
restricted to specific conditions. In the present document we
describe the detailed methodology for different applications: (1)
the discovery of low-abundance proteins with applicability to the
identification of protein expression differences, (2) the removal of
protein impurity traces at the end of purification processes, and (3)
the selection of appropriate sorbents from available collections to
design a rational purification process.
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2 Materials

2.1 Reduction

of Protein Dynamic

Concentration Range

Using Affinity

Mixed-Bed Peptide

Libraries

1. 2.5 mM phosphate buffered saline (PBS): Dissolve 340 mg of
potassium phosphate monobasic in 100 mL of distilled water.
Dissolve 445 mg of sodium phosphate dibasic dihydrate and
870 mg of sodium chloride and 870 mg of sodium chloride in
100 mL of distilled water. Take 20 mL of the first solution and
add the second solution dropwise up to pH 7.2 � 0.1.

2. SDS elution solution: Dissolve 4 g of sodium dodecyl sulfate in
50 mL of distilled water. Add 770 mg of dithiothreitol while
stirring. Complete to 100 mL with distilled water.

3. 100 mM ammonium bicarbonate-RapiGest solution: Dissolve
79 mg of ammonium bicarbonate in 10 mL of distilled water.
Take 1 mL of the solution and add 1 mg RapiGest lyophilizate
(lyophilized powder fromWaters Corp. USA). Shake gently for
few minutes.

4. 10 mM dithiothreitol (DTT) solution: Dissolve 15 mg of DTT
in 10 mL of distilled water and keep in a stopped vial and in
the dark.

5. 55 mM iodoacetamide solution: Dissolve 102 mg of iodoace-
tamide in 10 mL of distilled water and keep in a stopped vial
and in the dark.

6. 0.2 μg/μL of sequencing grade trypsin solution: Dissolve 2 mg
of sequencing grade trypsin and dissolve in 1 mL of distilled
water (mother solution). Take 0.1 mL of this solution and
dilute to 1 mL with distilled water.

7. 500 mM formic acid solution: take 1 mL of commercial
concentrated formic acid and add 35 mL of distilled water.

8. HPLC solvent for LC-mass spectrometry analysis: in 95 mL of
distilled water add 5 mL of pure acetonitrile and, after mixing
add 200 μL of trifluoroacetic acid.

2.2 Removal of

Impurity Traces by

Affinity Mixed-Bed

Chromatography

1. 2.5 mM Phosphate buffered saline (PBS): Dissolve 340 mg of
potassium phosphate monobasic in 100 mL of distilled water.
Dissolve 445 mg of sodium phosphate dibasic dihydrate and
870 mg sodium chloride and 870 mg of sodium chloride in
100 mL of distilled water. Take 20 mL of the first solution and
add the second solution dropwise up to pH 7.2 � 0.1.

2. Elution solution (acidic urea): Add 54 g of pure urea to 60 mL
of distilled water. Complete to 100 mL with distilled water and
continue stirring up to the complete solubilization of urea. Add
1.05 g of citric acid monohydrate and mix up to complete
solubilization. The pH should be close to 3.5.
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2.3 Rational

Selection of Sorbents

for a Mixed Bed in

Protein Purification

1. 50 mM Tris–HCl buffer: Dissolve 605 mg of Tris base in
70 mL of distilled water. Add a dilute solution of hydrochloric
acid (e.g., 200mM) under stirring and while measuring the pH
slowly. Once pH 9 is reached, complete to 100 mL with
distilled water.

2. 50 mM Tris–HCl buffer containing NaCl: Dissolve 605 mg of
Tris base in 70 mL of distilled water. Add 870 mg of sodium
chloride. Add a dilute solution of hydrochloric acid (e.g.,
200 mM) under stirring and while measuring the pH slowly.
Once pH 9 is reached, complete to 100mLwith distilled water.

3. 50 mM acetate buffer: Dissolve 410 mg of sodium acetate in
70 mL of distilled water. Add a dilute solution of acetic acid
(e.g., 200 mM) under stirring and while measuring the pH
slowly. Once pH 4.5 is reached, complete to 100 mL with
distilled water.

4. 50 mM acetate buffer containing NaCl: Dissolve 410 mg of
sodium acetate in 70 mL of distilled water. Add 870 mg of
sodium chloride. Add slowly a dilute solution of acetic acid
(e.g., 200 mM) under stirring and while measuring the pH.
Once pH 4.5 is reached, complete to 100 mL with distilled
water.

5. Protein desorption solution: In 60 mL of distilled water add
54 g urea and then add distilled water up to 100 mL solution.
Stir at room temperature to complete urea solubilization. Add
2 g of 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (CHAPS) and 2.4 % ammonia (final concentration);
check the pH that should be close to 11.

3 Methods

3.1 Reduction of

Protein Dynamic

Concentration Range

Using Affinity

Mixed-Bed Peptide

Libraries

This operation is made using an affinity mixed bed of combinatorial
peptide ligands grafted separately on solid beads. Protein extracts
comprise a very large number of proteins at different concentra-
tions that can span over more than ten orders of magnitude ham-
pering the detection of low-abundance species because (1) their
signal is obliterated by high abundance proteins and (2) because
their concentration is below the sensitivity level of analytical deter-
minations. When such a mixed bed is loaded in large excess with a
biological extract (e.g., blood serum) proteins are captured by their
corresponding affinity ligands. High-abundance proteins saturate
rapidly their corresponding beads while the highly dilute species do
not. The latter could eventually saturate their corresponding beads
as the protein loading increases. The excess of proteins is then
eliminated and the beads with their corresponding captured pro-
teins are separated from the supernatant and proteins are finally
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desorbed. The harvested treated sample is theoretically composed
of the same proteins present in the initial sample but with a reduced
dynamic concentration range (low-abundance proteins are largely
enriched while high-abundance species concentration is much
reduced). An illustration of the results is given on Fig. 3. This
technology, which can be applied for the discovery of early-stage
protein markers, is highly reproducible as repeatedly reported [49,
50]. Parameters governing this technology are pH, ionic strength,
temperature and chemical agents all of them influencing the affinity
constant of proteins for their peptide partner. A number of critical
points contribute to the enrichment of low-abundance species as
extensively described by Righetti and Boschetti [47, 48].

The described protocol that follows can be used for many
biological extracts. The protein sample must be clear and should
not comprise lipids in suspension such as in milk, seed extracts or in
bile fluid. If this is the case a preliminary delipidation step is recom-
mended (see Note 1). Large amounts of nucleic acids or viscous
polysaccharides when present should also be removed using current
methods (seeNote 1). Samples should not contain large amounts of
detergents or denaturing agents. Non-ionic surfactants at concen-
trations not exceeding 0.2–0.5 % and urea up to 2 M are tolerated.

Fig. 3 Schematic representation of the mechanism of reduction of protein dynamic concentration range using
a mixed affinity bed of combinatorial peptide ligands (a, b, c) under overloading conditions. The two-
dimensional electrophoresis analyses represent a real example of this application to a protein extract from
human red blood cells. On the left is the untreated sample with the largest signal of hemoglobin (Hb)
representing about 98 % of the proteins; on the right is the sample after treatment where the signal of Hb
is largely reduced while many other proteins have been enhanced and becoming thus detectable. pH gradient:
3–10; Coomassie staining. Upper scheme adapted with permission from Boschetti and Righetti [48]
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In practice the following procedure should be followed:

1. Wash the mixed bed of beads in suspension with PBS to remove
contaminants and stabilizers or preservatives. To this end
suspend 100 μL of beads with 2–3 mL of PBS; vortex the
suspension and then remove the supernatant by low-speed
centrifugation. Repeat this operation three times. Alternative
washing buffers can be used as depicted in (see Note 2).

2. In parallel equilibrate the sample (e.g., 1 mL blood serum) with
PBS by dialysis or other appropriate equivalent methodologies.
The amount of proteins to load on 100 μL of mixed beads is
minimum 50 mg. Larger samples can also be used up to 100
times this amount. If traces of proteases are supposed to be
present, it is recommended to add one tablet of protease
inhibitors as cocktails.

3. Mix the buffer-equilibrated beads with the biological sample
and gently shake for 2–3 h at room temperature (see Note 3).

4. Separate the beads from the supernatant by centrifugation at
2,000 � g for 5–10 min and wash rapidly twice or three times
using 300 μL of PBS buffer to remove the excess of unbound
proteins. If thebeadswith the adsorbedproteins arenot submitted
to elution immediately they could be stored in the cold at 4 �C.

A critical key success factor of the entire procedure is to collect
all proteins that are captured by the beads. A general very stringent
elution procedure is described here below.

1. Prepare an aqueous solution of 4–6 % of sodium (or lithium)
dodecyl sulfate (SDS) containing 25 mM reducing agents such
as dithiothreitol (DTT).

2. Mix the peptide beads carrying the captured proteins with
300 μL of SDS-DTT aqueous solution and mix to homoge-
neous suspension.

3. Place the bead suspension in a boiling bath for 5–10 min. All
captured proteins are thus desorbed and solubilized in the
supernatant.

4. Collect the supernatant by centrifugation at 2,000 � g for
5–10 min (see Notes 4–7).

If protein elution is not required because only peptide analysis
would be performed, the beads carrying captured proteins will
easily be treated directly with trypsin. The collected peptides can
then be fractionated and sequenced by mass spectrometry [51, 52].
The detailed procedure is as follows:

1. Mix 100 μL of beads carrying the captured proteins with
200 μL of 100 mM ammonium bicarbonate containing 0.1 %
RapiGest SF (this is not mandatory, but it facilitates the prote-
olysis process) and then vortex for a dozen of seconds.
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2. Add 300 μL of 10 mM DTT and then mix. Heat at 65 �C in a
water bath or inside an incubator for 1 h under gentle stirring
or occasional shaking.

3. Add 300 μL of 55 mM iodoacetamide, mix and store in the
dark for 60 min.

4. Add 60 μL of 0.2 μg/μL of sequencing grade trypsin. Vortex
the suspension for a dozen of seconds and incubate overnight
at 37 �C under gentle shaking.

5. Add 200 μL of 500 mM formic acid; vortex for a dozen of
seconds and incubate for about 40 min at room temperature;
recover the supernatant by filtration (30,000 MWCO) under
centrifugation (10,000 � g for 20 min) in order to separate
peptides from insoluble material and beads. In order to fully
extract the remaining peptides within the bead pores, wash
with 100 μL of 500mM formic acid and collect the supernatant
by centrifugation. This second filtrate is mixed with the first
one.

6. Dry the peptide solution by SpeedVac and redissolve in 20 μL
HPLC solvent for LC-mass spectrometry analysis. Centrifuge
the solution at 10,000 � g for 20 min to get a clear solution.

Overall the process is very performant and should not generate
specific troubles; however, in case of questions see Notes 8–11.

3.2 Removal of

Protein Impurity

Traces by Affinity

Mixed-Bed

Chromatography

The combinatorial affinity peptide ligand libraries and their mode
of action are explained above. Since each bead acts as a single
affinity sorbent very many proteins can be captured. Nevertheless,
the binding capacity of each ligand is limited because of the low
percent it represents compared to the overall bed volume. In Sub-
heading 3.1 the application of such a ligand library has been
detailed for the reduction of dynamic concentration range which
is one of the most critical parameters in proteomics investigations.
In the present section the use of the same or a similar affinity mixed-
bed ligand library is applied to the removal of impurity traces from a
pre-purified protein. If one imagines that the initial sample com-
prises 98 % of the protein to polish and 2 % of many diverse
proteinaceous impurities, it will be possible to remove the latter
under proper loading conditions. The target protein will very
rapidly saturate its corresponding bead(s) while impurity traces
will not. Using loading conditions where the impurities do not
saturate the solid phase ligands, the flow-through of the column
will be composed of the dominant protein with purity substantially
higher than before the process as a consequence of the capture of
impurity traces by their corresponding bead partners. Figure 4
schematically represents the mechanism by which an almost pure
protein is polished from impurity traces present. Once optimized,
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such a process can be universally applied to the removal of impurity
traces at the final step (polishing) of many downstream protein
separation processes. The optimization is played on the determina-
tion of the minimum mixed affinity bed volume for the maximum
amount of protein to polish. This is performed using a method
known as frontal analysis or breakthrough curve determination for
the protein impurities taken as a whole. The reality of this process
was first demonstrated with a model based on the polishing of
myoglobin artificially contaminated by 5 % of E. coli protein extract
that was polished using a mixed bed of peptide affinity library. Then
the same technology has been used for the elimination of impurity
traces from other pre-purified commercial proteins [46].

Fig. 4 Top: schematic representation of the mechanism of removal of impurity traces from a pre-purified
protein. The starting sample (contaminated protein) comprising traces of many protein impurities, is put in
contact with a mixed bed of an affinity ligand library. The process is performed under non-saturating
conditions. The main protein is collected in the flow-through while impurities (and a very small amount of
the main protein) are captured by the beads and eliminated by elution. Bottom: Real example of polishing with
a contaminated myoglobin represented with two-dimensional electrophoresis of the initial contaminated
myoglobin (“a”), the contaminant elimination (“b”), and the collection of the decontaminated myoglobin
sample (“c”). Adapted with permission from Boschetti et al. [48]
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The most critical step of this process is the determination of the
amount of sample for a given volume of mixed affinity bed. This is
determined by a breakthrough curve and the analysis of collected
fractions. Once the theoretical value is found the volume of the
column is increased by about 10–15 % to compensate the possible
reduction of impurity binding capacity over repeated cycles.

The determination of the binding capacity by a breakthrough
curve is a current operation to optimize exploitation conditions in
liquid chromatography. In classical cases it involves a single protein
and is applied to a homogeneous sorbent [53, 54]. In the present
case the same method is adapted to polishing processes by means of
mixed beds and involving many proteins that are present in trace
amounts in a pre-purified biological sample.

1. Pack 1 mL of solid-phase affinity ligand library in a chro-
matographic column (e.g., 10 mm ID � 13 mm length) and
equilibrate with a preselected buffer (generally PBS or 25 mM
phosphate buffer containing 150 mM sodium chloride,
pH 7.2) (see Note 12).

2. Connect the column to a chromatographic set up comprising a
pumping system and a UV detector unit (see Note 13).

3. Equilibrate the protein solution comprising traces of protein
contaminants that are to be removed with the same buffer by
dialysis, buffer exchange or equivalent techniques (seeNote 14).

4. Load continuously the column with the protein solution at a
fixed and accurate flow rate of around 20 mL/h/cm2 while the
chromatographic events are recorded by UV detection at the
column outlet. This configuration allows proteins to be
captured by the affinity bead partners up to their saturation
likewise a current frontal analysis for the determination of
binding capacity of an adsorption column [55] except that
fractions are also collected (Fig. 5).

5. From the beginning of the operations separately collect frac-
tions of 1 mL of column effluent in small tubes (see Note 15).

6. Once the sample load is completed, immediately introduce the
buffer solution into the column (without stopping the flow and
the recording) to wash out the excess of proteins while
continuing to collect fractions.

7. When the UV level is around the baseline of UVabsorption and
still without stopping the pump and the recording, desorb the
captured proteins (generally they comprise many impurities
and a small amount of the target protein) from the beads by
injecting the elution solution consisting of 9 M urea-citric acid,
pH 3.5. The eluate is collected as a single fraction following
the UV trace.

144 Egisto Boschetti and Pier Giorgio Righetti



8. Then analyze each collected fraction and the eluate by
SDS-polyacrylamide gel electrophoresis or by MALDI-MS
when the molecular mass of the protein to polish is relatively
low (e.g., <30 kDa) against a control (the protein sample
before frontal analysis). The result of the analysis allows deter-
mining the break point that can be adjusted according to the
degree of desired impurity removal (see Note 16).

9. Judge the polishing process by the purity of the target protein
in the collected fractions. Calculate the volume of sample to
treat (same concentration, same composition, and same buffer)
and the volume of the column from the purity data. For
instance, if the purity is judged satisfactory up to fraction 7
(7 mL collected) where for example the breakthrough is 10 %,
the column volume to polish 100 mL of same pre-purified
protein solution will theoretically be 14 mL. However, by
adding 10–15 % of safety margin the column volume will be
of about 16 mL (see Notes 17 and 18).

Fig. 5 Schematic representation of the optimization of a polishing process using combinatorial affinity mixed-
bed chromatography. Upon continuous loading of the initial sample (“a”) and UV signal recording, the
collection of equal fraction volumes is made. Each fraction is analyzed by for instance SDS-polyacrylamide
gel electrophoresis to check for the removal of protein impurity traces. The initial sample is composed by the
protein to polish “P” (main fraction in “a”) and by a number of impurity traces as represented by fine bands
(from “1” to “7”). The first analyzed fractions (inserts within the chromatogram) show the elimination of
impurities. The latter appear as the chromatogram develops. The process is stopped when the purity is still
considered acceptable. Then the captured impurities are desorbed (peak at the end of the chromatogram) and
a SDS-polyacrylamide gel electrophoresis analysis is performed (“b”). This shows a large number of protein
impurities along with a small amount of the target protein (“P”) that is lost and can be calculated for the
process recovery. Adapted with permission from Boschetti and Righetti [48]
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The described protocol is straightforward and should not
generate specific troubles; however, in case of questions see
Notes 19–21.

3.3 Rational

Selection of Sorbents

for a Mixed Bed in

Protein Purification

The purification of a given protein by liquid chromatography from
a complex extract is dependent on the selection of sorbents among
a long list of available materials and the sequence of columns.
In addition the nature of the separation buffers is also to be
designed case-by-case. This process is long and tedious and is
generally not easily accessible to biochemists with no experience
in protein separation. To try resolving this question it is suggested
here to make a sort of “blind” selection of sorbents and then to use
them as a mixed bed. This approach has been successfully applied
for the identification of certain proteins evidenced by electrophore-
sis or mass spectrometry [56, 57]. Actually it has been used for the
purification of thyroxin-binding protein from human serum [58] as
well as for prothrombin fragment 1 from human serum, YAP-1
transcription factor expressed from an E. coli cell culture superna-
tant and DNA-binding protein HU from Helicobacter pylori [56].
The process of sorbent selection (affinity or not) is detailed below
along with the use of the final mixed beds. It consists first in the
selection of a limited number of sorbents capable to capture protein
impurities of the initial sample. All these sorbents must not adsorb
the target protein under similar conditions. The screening focuses
also on the selection of the most selective sorbent for the target
protein even if it adsorbs a limited number of proteinaceous impu-
rities. To increase the success probability of the separation process,
the sorbent selection is performed at two different pHs and ionic
strengths. This approach is used to purify proteins for lab analytical
determinations is very effective and does not requires specific
knowledge in solid phase interaction and in chromatography
technology.

Briefly, the operator has to buy small volumes of a relatively large
number of chromatographic supports for protein adsorption with
possibly complementary properties. Among the most popular sor-
bents are ion exchangers (weak and strong, anionic and cationic),
hydrophobic material of different degree, mixed-mode sorbents, dye
sorbents, sugar-specific solid phases, metal chelating sorbents, immo-
bilized amino acids, etc. All sorbents have to be equilibrated with the
same buffers independently on their current use. For instance weak
cation exchangers can be equilibrated with buffers of nonoptimal pH
and relatively high ionic strength; sorbents for hydrophobic chroma-
tography are not necessarily equilibrated at high ionic strengths and
lyotropic salts. The detailed process is as follows:

1. Clean a 96-well filtration plate with distilled water to ensure
that the filter at the bottom of each well is wet. Then divide the

146 Egisto Boschetti and Pier Giorgio Righetti



plate into four quadrants of 24 wells each (see Fig. 6). To each
quadrant a given buffer will be assigned (see Note 22).

2. By means of a pipette, introduce a suspension of pre-swollen
chromatography sorbent in water in each well (see Note 23).
The final volume of each settled sorbent is 150 μL, but it may
be scaled down to 10 μL in case only a small quantity of protein
sample is available. Each well of each individual quadrant must
contain a different medium and the configuration of the four
quadrants should be absolutely identical (see Fig. 6).

3. Wash each quadrant three times with the assigned buffers: the
first quadrant is washed with 50 mM acetate buffer, pH 5.0; the
second quadrant is washed with 50 mM Tris–HCl, pH 9.0;
the third quadrant is washed with 50 mM acetate buffer,
pH 5.0 containing 150 mM sodium chloride; the fourth
quadrant is washed with 50 mM Tris–HCl buffer, pH 9.0 con-
taining 150 mM sodium chloride. For each washing step leave
the buffer few minutes while gently shaking and then drain out
the excess of buffer by mild vacuum filtration or by centrifuga-
tion of the plate at 1,250 � g for 15 min. Alternative buffers

Fig. 6 Schematic representation of sorbent screening process using a 96-well filtration plate in view of the
preparation of a mixed-bed column. The plate is divided into four quadrants (each quadrant represents a
different buffer). The wells of each quadrant are filled with 24 different chromatographic sorbents (same order
from “a” to “x”). Following the procedure a selection of sorbents for the capture of protein impurities is made
(sorbents “a,” “c,” “j,” “o,” and “t”) and a mixed bed is prepared. Concomitantly a sorbent is selected among
those that capture the target protein but the minimal amount and number of protein impurities (sorbent “x” of
this scheme). Adapted with permission from Guerrier and Boschetti [57]
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can be used (see Note 24). The chromatographic supports
should not be left completely dry.

4. While the bottom of the plate is sealed with a sticking plastic
sheet to prevent the fluids leaching off, load each well of all
quadrants with an equal amount of the same protein sample
from where the target protein is to be separated. The protein
solution should be previously equilibrated (by dialysis or dilu-
tion) with the same buffer used in the intended quadrant.
In each well, the load should be between 0.5 and 3 μg of total
protein per microliter of resin. In the present case where 150 μL
of sorbent is used, the amount of protein is between 75 and
450 μg. Then gently shake the plate using an adapted shaker for
about 60 min or even overnight (see Note 25).

5. Place the 96-well filtration plate over a receiving 96-well plate
and, by means of centrifugation about 1,250 � g for 15 min or
a mild vacuum filtration (to avoid foam), collect the superna-
tant of each well. The collected solutions are generally not
analyzed.

6. The adsorbed proteins on solid phase sorbents are recovered
after desorption. This is done by: (1) washing the chro-
matographic medium of each well with the buffer related to
each quadrant in order to remove all non-adsorbed proteins;
(2) adding to each well 150–250 μL of a stringent stripping
solution such as 9 M urea aqueous solution containing 2 %
CHAPS and 2.4 % ammonia (the pH should be close to 11).
Leave the mixture for 10–15 min and collect the eluates in a
receiving 96-well plate. Repeat the elution step and pool the
two series of eluates. Alternative stripping solutions can be used
(see Note 26).

7. Analyze the protein composition of each eluted collected frac-
tion by SDS-polyacrylamide gel electrophoresis, by two-
dimensional electrophoresis or by mass spectrometry. Compare
the analytical results to each other. If flow-through fractions
were also collected, SDS-polyacrylamide gel electrophoresis
analysis could also be performed.

8. Within a given quadrant (which corresponds to a given buffer),
select one or more sorbents where the protein of interest is
present in the eluate regardless of whether or not other proteins
are also present. This means that the selected chromatographic
sorbent is capable of capturing the target protein. If several
sorbents behave similarly, choose the one that adsorbs the
least number of protein impurities. Do this selection for each
buffer-quadrant. Then focus on the quadrant that offers the
best selectivity compromise related to the sorbent–buffer asso-
ciation for the target protein.
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9. From the selected quadrant sort out all chromatographic
material where the protein of interest is absent in the eluates.
From this screening make a sub-selection of solid-phase
supports that are complementary for their properties to adsorb
protein impurities. The number of sorbent selected for
impurity capture is not limited.

10. Mix together equal volumes of chromatography sorbent
selected for their properties to adsorb protein impurities. The
volume of each selected resin should be 200 μL for 1 mg of
initial protein extract. Wash the chromatographic sorbent
mixture with the buffer coming from the selected quadrant
and then pack into a column to form a mixed bed (see Fig. 6).

11. Pack a second column with 100 μL of the chromatography
material selected for its property to capture the target protein
and equilibrate with the same buffer. Connect the inlet of this
column to the outlet of the previous mixed bed one.

12. Equilibrate the protein extract with the same buffer used for
the sorbent selection phase; be sure that the ionic strength and
the pH are strictly the same. Load the protein solution to the
first mixed-bed column. Push slowly with a peristaltic pump to
get a residence time of about 10 min or more. Once the sample
is injected, replace it by the buffer and keep pumping it up to
about 5–10 column volumes. Under this configuration impu-
rities are mostly captured by the mixed-bed column. The target
protein to purify leaves the first column in the flow-through
and enters the second column where it is normally adsorbed
(Fig. 6).

13. Once the previous operation is over, disconnect the second
column from the first mixed-bed column and develop
the chromatographic separation of the target protein using
the appropriate elution gradient dictated by the chemical
nature of the sorbent (e.g., salt gradient if this is an ion
exchanger; a decrease of ionic strength if this is a hydrophobic
sorbent). Alternative elutions could also be used (seeNote 26).

14. Check the purity of the target protein compared to a control
using for instance SDS-polyacrylamide gel electrophoresis or
two-dimensional electrophoresis. If necessary optimize the tar-
get protein elution.

The described “blind’ and rational purification protocol is
much less laborious than the one based on trials-and-errors
approach and yields interesting purification results especially for
proteomics purposes when the objective is to identify a given
gene product. Figure 7 illustrates three examples from very differ-
ent starting biological materials. In case of specific troubles or
questions, the reader should refer to Notes 27–31.
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Fig. 7 Three examples of protein purification using a sequence of mixed-bed sorbents (capture of main
contaminants) followed by the separation of the target protein using a homogeneous bed column. The
selection of the constituents of the mixed beds was from the rational screening from a large collection of
chromatographic sorbents. (a) Purification of thyroxin-binding protein (TBP) from crude human serum. The
upper panel represents SDS-polyacrylamide gel electrophoresis of the initial crude sample (second lane from
the left), the impurities eliminated by the affinity mixed bed (third lane from the left), and the final purified
target protein (right lane). The lane on the left represents the protein ladder. Silver staining. The sequence of
two columns is represented on the bottom where the first column (affinity mixed bed) is composed of five
immobilized dyes. (b) Purification of yeast activated protein (YAP-1) expressed in E. coli from a crude protein
extract of the same bacteria. The upper panel represents SDS-polyacrylamide gel electrophoresis of the initial
crude E. coli extract sample (second lane from the left), the impurities eliminated by the affinity mixed bed
(third lane from the left) and the final purified target protein (right lane). The lane on the left represents the
protein ladder. Coomassie staining. The sequence of two columns is represented on the bottom where the first
column (mixed bed) was composed of three sorbents (MBI: mercaptobenzyl-imidazole; affinity Dye-9; and a
weak cation exchanger CM). The final polishing column is an immobilized heparin sorbent. (c) Purification of
prothrombin fragment 1 (PTF1) from human serum preliminarily treated with a peptide library in view of
amplifying the signal of the target protein. The upper panel represents SDS-polyacrylamide gel electrophoresis
of the initial serum-treated sample (second lane from the left), the impurities eliminated by the affinity mixed
bed (third lane from the left) and the final purified target protein (right lane). The lane on the left represents the
protein ladder. Coomassie staining. The sequence of two columns at the bottom represents the mixed bed
composed of three affinity sorbents (Dye-17, Heparin, and Dye-4). The polishing column is an immobilized
affinity dye. Adapted with permission from Guerrier et al. [56]
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4 Notes

1. Are there products in biological samples that can compete and
prevent the protein capture process? Yes, the presence of lipids,
pigments, acidic mucopolysaccharides, nucleic acids, and poly-
phenols is detrimental to the capture of proteins. They must be
eliminated prior contacting the beads by using one of the
procedures described in Boschetti and Righetti [48]. For
instance delipidation of dry plant seeds is generally operated
using nonpolar solvents prior to protein extraction [59]. When
the tissue extract or the biological liquid contains lipids to
remove (e.g., bile fluids) more sophisticated approaches should
be used as described by Guerrier et al. [60]. Extraction of
proteins with removal of lipids from wet plant tissues (e.g.,
avocado pulp) can be operated by using few percent of sodium
dodecyl sulfate in phosphate buffered saline, followed by the
elimination of lipids and detergents by a treatment with a
water–methanol–chloroform mixture [61].

2. Protein capture can be performed under different conditions
than physiological pH and ionic strength. For instance it can be
operated using a simple phosphate buffer (e.g., 25 mM phos-
phate buffer pH 7.0, in the absence of NaCl). Acidic or alkaline
buffers could also be used as described [62]. In this case a
25 mM acetate buffer pH 4 or a 25 mM Tris–HCl, pH 9.3
can be selected. Lyotropic conditions of capture are another
possibility as for instance using a 1 M ammonium sulfate solu-
tion at neutrality [63].

3. The accuracy of incubation temperature is critical when one
wants to compare samples (differential proteomics), especially
when the operations are performed over several days. It is
recommended to operate under controlled temperature since
it influences the affinity constant among the prey proteins and
their respective peptide ligands. Also the elution temperature
should be the same as the one adopted for the protein capture.

4. The obtained protein solution is directly analyzable by SDS-
polyacrylamide gel electrophoresis. The SDS elution method
has been proven to be very effective in many cases; it appeared
easier and superior to other experienced methods using various
eluting agents [64]. However, alternative elution procedures
(single step or sequential elution) are possible (see Notes 5–7).
The replacement of SDS-dithiothreitol solution by other
eluting agents can be made without changing the process.

In case the presence of SDS is not compatible with
subsequent analyses (e.g., two-dimensional electrophoresis,
MALDI) the elimination of SDS can be performed as described
below (see also [65]):
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l Toone volume of clear protein solution containing SDS add
four volumes of cold pure methanol while stirring vigor-
ously for few min. Then add three volumes of pure cold
chloroform while continue stirring for another few min.

l Add three volumes of deionized water. The precipitation
process is the left to completion for 10–15 min at room
temperature.

l Centrifuge at 15,000 � g for about 5 min at 4 �C. The
protein precipitate will be located at the liquid interface.

l Pipette out the top aqueous layer and discard it.

l Add four volumes of methanol and stir the blend again.

l Centrifuge at 15,000 � g for about 5 min at 4 �C and
remove the maximum volume of liquid without disturbing
the protein precipitate.

l Dry the protein pellet by SpeedVac or comparable means.
Redissolve the proteins using an appropriate buffer com-
patible with the analytical determination.

5. A second choice for protein elution from peptide beads is the
use of 6 M guanidine-HCl (generally at neutrality, pH close to
6). This solution competes with electrostatic interaction by its
high ionic strength. Guanidine also destroys hydrogen bonding
and by its action on the structure of water it weakens hydro-
phobic associations with consequent desorption. Proteins
collected in the presence of guanidine are difficult to analyze
by current methods such as SDS-PAGE, 2-DE, mass
spectrometry.

6. Another protein elution process involves the use of TUC aque-
ous solution (2 % thiourea, 7 % urea, 2–4 % CHAPS), which can
be added with cysteic acid [66]. In this case two-dimensional
electrophoresis can directly be applied since cysteic acid does
not disturb the formation of the pH gradient of the first migra-
tion dimension, a critical first step for this analytical method.

7. Protein elution can be performed as a sequence of operations.
Two main rational sequences have been described: (1) Sequen-
tial elution by interaction challengers and (2) sequential elution
by increased stringency.

In first case the elution operations start with the use of 1 M
sodium chloride (competes with electrostatic interactions),
followed by 50 % ethylene glycol in water (competes with
hydrophobic associations), followed by 8 M urea (it desorbs
proteins dominantly captured by hydrogen bonding) and
finally completed by 0.2 M glycine-HCl buffer, pH 2.5 (this
solution elutes remaining proteins that are tightly adsorbed by a
variety of concomitant molecular interactions).
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In the second case more than one procedure has been
described. In one instance the sequence is composed by 2 M
thiourea elution followed by 7 M urea—2 % CHAPS elution
and completed by 9 M urea with 5 % acetic acid, pH 3 [67]. In
another instance the first step of 4 M urea, 1 % CHAPS, 5 %
acetic acid is followed by a second elution step with 6 M guani-
dine HCl, pH 6.0 [68]. In a third instance an increased strin-
gency elution sequence is composed of 1 M sodium chloride
followed by 3M guanidine-HCl pH 6.0 and finally by 9M urea
titrated with citric acid up to pH 3–3.5 [69].

8. What to do if protein precipitation occurs during the capture
phase? The sample must be better equilibrated with the initial
buffering solution prior to contact with the beadmix. If needed
the nature of the buffer could be changed.

9. What to do if the initial sample is viscous with consequent
difficulties in properly capturing proteins by the affinity
mixed-bed beads? Proteins should be cleaned up by for instance
precipitation with various means such as ammonium sulfate or
other means to eliminate viscous materials as indicated in
Boschetti and Righetti [48].

10. Should blood plasma be added with anticoagulant agent prior
contacting the bead library? Yes, with no inhibitor there is a
high risk to initiate the coagulation enzymatic cascade.
To prevent this phenomenon, 5 mM EDTA or citric acid
should be added [72]. Heparin being classified as competitive
acidic polysaccharide should not be used.

11. Is the process of reduction of protein dynamic range reproduc-
ible? Yes it is, as repeatedly assessed [49, 50]; however, simple
but stringent rules have to be followed. The first is that the
sample should always be kept at the same temperature, equili-
brated with the same buffer (same pH, same ionic strength, and
same composition). In fact all these parameters influence the
mass action law at the basis of the molecular interaction mech-
anism involving numerous and complex interaction forces.
In addition, the ratio sample/beads should be constant too!

12. Alternative buffers can be used with different compositions, pHs
and ionic strengths. A change in the buffer composition is recom-
mended in case the polishing process in not fully satisfactory.

13. More than one detection system can be used such as pH and
ionic strength detection units to record events during the
elution and/or the regeneration phases.

14. The sample volume should largely exceed the column volume
and the protein concentration could range from a fraction of
mg/mL to about 10 mg/mL. Ideally for 1 mL column the
volume of the sample is 10–20 mL and the protein concentra-
tion is 1–2 mg/mL.

Mixed-Bed Affinity Chromatography 153



15. The first component eluting out of the column outlet is the
target protein; then progressively impurities follow starting by
those that are the most concentrated and ending by those that
are present only in trace amount.

16. In liquid chromatography most frequently this point corre-
sponds to 10 % breakthrough. This means that about 10 % of
initial protein impurities will be present with however a pre-
ponderance of the most representatives. For minor residual
contaminants and under the same conditions their
corresponding breakpoints should be lower.

17. The column can be reused several times, but its efficiency must
be checked case-by-case depending on the method of
regeneration.

18. This approach can also be used for the determination and
identification of protein impurities and their origin [70, 71].

19. Is it important to distinguish between the amount and number of
impurities? Yes, due to a limited binding capacity for each protein
impurity, the polishing process works best when the number is
large. Since the polishing addresses few % of proteins globally,
each protein impurity may represent a small fraction of %.

20. Can the flow rate be increased? If selected sorbents are char-
acterized by a good mass transfer, the linear flow rate can be
increased up to 50 mL/h/cm2; however, it must stay constant
with no stops throughout the entire experiment including the
elution of impurities.

21. Can the buffer be different from a phosphate buffered saline?
Yes, other buffers can be used of different composition, pH,
and ionic strength. These variations may significantly modify
the capture of protein impurities due to the modification of
affinity constants between protein impurities and their
corresponding library ligand. To optimize the polishing pro-
cess it is recommended to make few different experiments and
select the one that allows using the best results in terms of
impurity removal efficiency (column to sample volume ratio).

22. Such configuration will be used to select sorbents from a
collection of 24 different (and possibly complementary) solid
phases. In case one wishes to start from a larger number of
chromatographic resins as for instance 96 to cover the entire
well-plate, four 96-well plates will be used each of them for one
of the four buffers. In this configuration the probability to find
a better purification system is enhanced.

23. Generally solid phases for protein purification are supplied as
pre-swollen in aqueous buffers; if they are supplied dry, they
should be rehydrated in a large excess of distilled water under
gentle shaking overnight.
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24. More stringent buffers can be used in order to weaken the
adsorption interactions. This is the case for instance when the
target protein is captured by many chromatographic material.
Alternatively buffers of different composition with other pHs
and other ionic strength can be used according to the property
of the target protein to separate. Urea could also be added to
the buffers up to 2 or 4 M. Addition of small amount of non-
ionic detergents or even water-miscible solvents may help
reducing possible too strong hydrophobic interactions.

25. It is critical to keep the chromatographic solid phase in slurry to
ensure a good contact between the beads and the proteins.
However, the agitation should not be too strong to prevent
cross contamination between wells or avoid the formation of
foam.

26. Alternative stripping solutions could comprise high ionic
strength associated with acidic pHs as for instance 200 mM
glycine-HCl buffer pH 2.6 containing or not some amount of
zwitterionic (2 % CHAPS) or non-ionic detergents (1 % Non-
idet NP40). What is essential is the capability of the elution
solution to desorb all captured proteins.

27. What if the target protein is not captured by any of the sor-
bents? Lower the ionic strength of buffers or change the pH.

28. What if the protein contaminants supposed to be captured by
the mixed-bed column are found in the final target protein
eluate? Increase the size of the mixed-bed column or reduce
the amount of loaded sample. It is in fact hypothesized that the
impurity leakage comes from a protein overloading.

29. What if the target protein is degraded during the process? Add
small amount of bacteriostatic agents to chromatographic
material or inhibit the presence of proteases by addition of
inhibitors.

30. What if the final purified protein still comprises too many
protein impurities? Complete the polishing by current means
such as gel-filtration chromatography.

31. What if the elution of the target protein is underoptimized?
Use a pH gradient and modulate the slope.
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Chapter 13

Preparation and Characterization of Fluorophenylboronic
Acid-Functionalized Affinity Monolithic Columns
for the Selective Enrichment of cis-Diol-Containing
Biomolecules

Qianjin Li and Zhen Liu

Abstract

Boronate affinity monolithic columns have been developed into an important means for the selective
recognition and capture of cis-diol-containing biomolecules, such as glycoproteins, nucleosides and sac-
charides. The ligands of boronic acids are playing an important role in boronate affinity monolithic
columns. Although several boronate affinity monoliths with high affinity toward cis-diol-containing
biomolecules have been reported, only few publications are focused on their detailed procedures for
preparation and characterization. This chapter describes in detail the preparation and characterization of
a boronate affinity monolithic column applying 2,4-difluoro-3-formyl-phenylboronic acid (DFFPBA) as a
ligand. The DFFPBA-functionalized monolithic column not only exhibited an ultrahigh boronate affinity
toward cis-diol-containing biomolecules, but also showed great potential for the selective enrichment of
cis-diol-containing biomolecules in real samples.

Key words Preparation, Fluorophenylboronic acid, Monolithic column, Boronate affinity, Enrich-
ment, Cis-diol

1 Introduction

Boronate affinity chromatography (BAC) has attracted increasing
attention in many areas such as molecular recognition, proteomics
and metabolomics, due to its unique capability of selective recog-
nition and enrichment of cis-diol-containing biomolecules, such as
glycoproteins, glycopeptides, nucleosides and saccharides [1–12].
The principle of BAC is based on reversible covalent reactions
between boronic acid ligands and cis-diol moieties, which can
form complexes at basic pH. The complexes will dissociate at acidic
pH. This specific pH-responsive feature characterizes boronic acids
as unique ligands in affinity chromatography. As compared with
conventional chromatographic columns, monolithic columns have
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exhibited several attractive features, such as easy fabrication, low
back pressure and fast convective mass transfer [13, 14]. Due to
these advantageous characteristics, boronate affinity monolithic
columns have gained rapid development in recent years [15]. How-
ever, regular phenylboronic acids exhibit limited affinity and
thereby fail to bind trace cis-diol-containing biomolecules.

For the improvement of boronate affinity, several types of
boronic acid ligands have been developed such as (1) the
electron-withdrawing type, with an electron-withdrawing group
(e.g., nitro, sulfonyl, or fluorine) in the phenyl ring [16–21]; (2)
the Wulff-type, with a nitrogen atom adjacent to the boron atom to
form an intramolecular B-N coordination [22, 23]; (3) the
improved Wulff-type, with an oxygen atom adjacent to the boron
atom to form an intramolecular B-O coordination [24–28]; (4) the
teamed boronate affinity type, with two individual molecules, an
amine and a boronic acid, forming a molecular team through
intermolecular B-N corrdination [29, 30]. So far, the lowest bind-
ing pHwas reported to be 5.0, provided by an improvedWulff-type
boronic acid (3-carboxybenzoboroxole) [28]. In a recent compar-
ative study on the binding strength between representative mono-
saccharides and a variety of typical boronic acids [31], it was found
that 2,4-difluoro-3-formyl-phenylboronic acid (DFFPBA) exhib-
ited ultrahigh affinity at pH 7.4 and 6.0.

As compared with other boronate affinity monolitic columns, a
DFFPBA-functionalized monolithic column not only exhibited an
ultrahigh boronate affinity toward cis-diol-containing biomole-
cules, but also showed good performance for the selective enrich-
ment of cis-diol-containing biomolecules in human urine [21]. Few
literature has focused on detailed protocols for the preparation of
high boronate affinity monlithic columns. Therefore, we describe
the procedures for the preparation and characterization of the
DFFPBA-functionalized monolithic column in detail.

2 Materials

Prepare all solutions using analytical grade reagents and deionized
water (18 MΩ cm at 25 �C). Prepare and store all reagents at room
temperature unless otherwise specified. The high-performance liq-
uid chromatography (HPLC) system is equipped with a pump, a
flow manager (for flow rate control), an UV absorbance detector,
an automatic sampler system and chromatographic software for
system operation, data acquisition and processing. The column
flow rate is set at 1.0 μL/min. The wavelength of UV detector is
set at 260 nm. The length of the monolithic column used is 25 cm.
Follow all waste disposal regulations when disposing waste materi-
als, carefully.
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2.1 Preparation

of DFFPBA-

Functionalized

Monolithic Column

1. Acid solution: 1 M HCl. Add 4.2 mL HCl (12 M) to a
volumetric flask and make up to 50 mL with water (seeNote 1).

2. Alkali solution: 1 M NaOH. Weigh 2.0 g NaOH to a glass
beaker. Add about 25 mL water (see Note 2). Transfer to a
volumetric flask and make up to 50 mL with water.

3. γ-MAPS (γ-methacryloxypropyltrimethoxysilane) solution:
50 % (v/v) γ-MAPS solution in methanol (MeOH). Mix
0.2 mL γ-MAPS and 0.2 mL MeOH in a 1.5 mL centrifuge
tube (see Note 3). Store at 4 �C.

4. AIBN (2,2-azobisisobutyronitrile): recrystallized in methanol
before use (see Note 4). Store at 4 �C.

5. Ethylenediamine/ACN solution: 50 % (v/v) ethylenediamine
solution in acetonitrile (ACN). Mix 0.2 mL ethylenediamine
and 0.2 mL ACN in a 1.5 mL centrifuge tube (see Note 5).

6. DFFPBA/ACN solution: 70 g/L. Weigh 14 mg DFFPBA and
transfer to a 1.5 mL centrifuge tube. Add 0.2 mL ACN to
dissolve completely (see Note 6).

7. NaBH3CN/MeOH solution: 300 g/L. Weigh 0.3 g
NaBH3CN to a 4 mL centrifuge tube. Add 1.0 mL MeOH to
dissolve completely (see Note 7).

8. Fused-silica capillary: 150 μm ID and 375 μm OD.

9. Device for the pushing of a solution through a capillary column
under nitrogen pressure: high pressure N2, a steel vial and a
sealed valve (Fig. 1a, see Note 8).

10. Device for the pushing of a solution through a capillary column
by a hand pump: a hand pump, a syringe and a connection tube
(Fig. 1b, see Note 9).

2.2 Selectivity

of DFFPBA-

Functionalized

Monolithic Column

1. 0.02 M, pH 7.0 phosphate buffer. First, weigh 1.79 g
Na2HPO4�12H2O to a glass beaker, add 100 mL water to
dissolve, transfer to a volumetric flask and make up to
250 mL with water, name this solution as A. Second, weigh
0.78 gNaH2PO4�2H2O to a glass beaker, add 100mLwater to
dissolve, transfer to a volumetric flask and make up to 250 mL
with water, name this solution as B. Adjust pH value to 7.0 by
adding solution B to solution A (see Note 10).

2. 0.1M,pH2.7HAc (Acetic acid) buffer. Add1.5mL17Macetic
acid to a volumetric flask and make up to 250 mL with water.

3. Adenosine solution: 0.5 mg/mL. Weigh 0.5 mg adenosine
into a 1.5 mL centrifuge tube. Add 1.0 mL phosphate buffer
(pH 7.0) to dissolve (see Note 11). Store at 4 �C.

4. Deoxyadenosine solution: 0.5 mg/mL. Weigh 0.5 mg deox-
yadenosine into a 1.5 mL centrifuge tube. Add 1.0 mL phos-
phate buffer (pH 7.0) to dissolve. Store at 4 �C.
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2.3 Binding pH

of DFFPBA-

Functionalized

Monolithic Column

1. Phosphate buffer with different pH values: 0.02 M, pH 7.5,
7.0, 6.5 and 6.0. The preparation of phosphate solutionsA and
B is shown in Subheading 2.2. Adjust pH values to 7.5 and 7.0
by adding solution B to solution A, respectively. Adjust pH
values to 6.5 and 6.0 by adding solution A to solution B,
respectively.

2. Adenosine solution with different pH values: 0.5 mg/mL with
pH 7.5, 7.0, 6.5, and 6.0. Weigh 0.5 mg adenosine into four
1.5 mL centrifuge tubes, respectively. Add 1.0 mL phosphate
buffers with pH 7.5, 7.0, 6.5, and 6.0 in the corresponding
tubes to dissolve, respectively. Store at 4 �C.

2.4 Application

of DFFPBA-

Functionalized

Monolithic Column

1. Urine sample: the morning urine, from a healthy human, fro-
zen immediately and stored at �20 �C.

2. Urine sample for analysis: the urine sample is thawed at
room temperature. 10 mL aliquot of the urine sample is
centrifuged for 30 min at 19,152 � g. The supernatant is
collected for further analysis (see Note 12). If the pH of the
supernatant is not 7.0, adjust with 1 M HCl or 1 M NaOH
(see Note 13).

Fig. 1 Two devices of pushing solution through capillary column. (a) 1 High presure N2, 2 Steel tube,
3 Sealed cap with a hole for capillary insertion, 4 Capillary column, 5 Centrifuge tube with a hole in the
cap. (b) 1 syringe, 2 Connection tube, 3 Capillary column, 4 Centrifuge tube with a hole in the cap, 5 Hand
pump
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3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Preparation

of DFFPBA-

Functionalized

Monolithic Column

1. An about 3 m long capillary is filled with the acid solution (see
Note 14), sealed with silica rubber and transferred to a water
bath at 40 �C for 4 h (see Note 15). Then, wash the capillary
with water completely (see Note 16).

2. The capillary is filled with the alkali solution, sealed with silica
rubber and transferred to a water bath at 40 �C for 3 h. Then,
wash the capillary with water and acetone in tandem completely
(see Note 17). Finally, dry the capillary with nitrogen for 12 h.

3. The capillary is filled with the γ-MAPS solution, sealed with
silica rubber and transferred to a water bath at 50 �C for 12 h.
Then, wash the vinylized capillary with acetone completely.
Finally, dry the vinylized capillary with nitrogen for about 12 h.

4. Seal the vinylized capillary with silica rubber and store at 4 �C
until use.

5. Weigh GMA (glycidyl methacrylate, 47 mg), MBAA (N,N 0-
methylene bisacrylamide, 43 mg), DMSO (dimethyl sulfoxide,
140 mg) and dodecanol (125 mg) and transfer to a 1.5 mL
centrifuge tube (see Note 18). Vortex and sonicate at about
35 �Cfor20min toobtain ahomogeneous solution (seeNote19).

6. Add AIBN (1 mg), vortex and sonicate for 10 min to obtain a
homogeneous prepolymerization mixture.

7. A 50 cm long vinylized capillary is filled with the prepolymer-
ization mixture immediately, sealed with silica rubber and
immersed into a water bath at 75 �C (see Note 20). After
reaction for 12 h, a base monolithic column is prepared
through free radical polymerization, which is designated as
M-A (Fig. 2).

Fig. 2 Schematic of the preparation of DFFPBA-functionalized monolithic column
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8. Cut off about 10 cm at both ends of M-A.

9. Wash M-A with MeOH and ACN, respectively.

10. Put M-A connected with a syringe with 0.3 mL ethylenedia-
mine/ACN solution and a hand pump in an oven set at 60 �C
for 12 h (see Note 21). The obtained monolithic column is
designated as M-B (Fig. 2).

11. Wash M-B with ACN completely.

12. Push 0.2 mL DFFPBA/ACN solution through M-B in 6 h.

13. Wash the unreacted DFFPBA/ACN solution out of M-B with
ACN completely.

14. Push 0.5 mL NaBH3CN/MeOH solution through the col-
umn in 12 h under nitrogen pressure. The obtained monolithic
column is designated as M-C (Fig. 2).

15. Wash M-C with MeOH completely.

16. Seal M-C with silica rubber and store at 4 �C until use.

3.2 Selectivity

of DFFPBA-

Functionalized

Monolithic Column

1. Prepare phosphate buffer (0.02 M, pH 7.0) and HAc buffer
(0.1 M, pH 2.7).

2. Use the phosphate buffer to prepare sample solution of adeno-
sine and mixture of adenosine and deoxyadenosine,
respectively.

3. Connect the monolithic column to the HPLC system.

4. Equilibrate monolithic column with the phosphate buffer until
the signal of baseline is stable.

5. Inject 100 nL sample solution by auto-sampler and start the
data acquisition.

6. Switch the phosphate buffer to HAc buffer after 15 min.

7. Wait for about 50 min to stop the data collection. The software
will generate a chromatogram for the sample.

8. Repeat steps 4–7 to run another sample.

3.3 Binding pH

of DFFPBA-

Functionalized

Monolithic Column

1. Prepare phosphate buffers (0.02M) with pH values of 7.5, 7.0,
6.5, and 6.0, respectively.

2. Use the phosphate buffers with different pH values to prepare
sample solutions of adenosine, respectively.

3. Connect the monolithic column to the HPLC system.

4. Equilibrate monolithic column with the phosphate buffer until
the signal of baseline is stable.

5. Inject 100 nL sample solution (with the same pH value as the
phosphate buffer) by auto-sampler and start the data
acquisition.

6. Switch the phosphate buffer to HAc buffer after 15 min.

164 Qianjin Li and Zhen Liu



7. Wait for about 50 min to stop the data collection. The software
will generate a chromatogram for the sample.

8. Replace the phosphate buffer with another one of a different
pH value (see Note 22).

9. Repeat steps 4–8 to run another sample.

3.4 Application

of DFFPBA-

Functionalized

Monolithic Column

1. Push the phosphate buffer (0.02 M, pH 7.0) through the
column for 60 min under a certain pressure (see Note 23).

2. Change the phosphate buffer with 100 μL supernatant of urine
sample.

3. Push the supernatant through the column completely.

4. Wash the non-retained biomolecules by the column with 20 μL
phosphate buffer.

5. Elute the retained biomolecules from the column with 50 μL of
HAc buffer and collect the elution solution into a 200 μL tube.

6. Concentrate the collecting elution solution to be 5 μL
(see Note 24).

7. Subject for separation by MEKC (micellar electrokinetic chro-
matography) (Fig. 3).

Fig. 3 MEKC separation of cis-diol-containing biomolecules enriched by
DFFPBA-functionalized monolithic column (a) from urine sample (b). The com-
ponents enriched by the column are separated by MEKC into 19 peaks, which is
more than that extracted by regular phenylboronic acid-functionalized monolithic
column (12 peaks) [21] and boronate organic-silica hybrid monolithic column (13
peaks) [20] and benzoboroxole-functionalized monolithic column (13 peaks) [28],
indicating that the DFFPBA-functionalized monolithic column exhibits higher
affinity than previously reported boronate affinity monlithic columns (reproduced
from [21] with permission from Elsevier)
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4 Notes

1. Wear a pair of gloves. Measure the volume of HCl by a measur-
ing cup with the help of a dropper in a fume hood.

2. Ultrasound can help dissolution. Bring the solution to room
temperature before transferring to the volumetric flask.

3. Wear a pair of gloves. Measure the volume of γ-MAPS by a
1 mL syringe in a fume hood. The function of γ-MAPS is to
allow for the covalent attachment of the monolithic column to
the fused silica capillary.

4. At first, add 20 mL MeOH in a glass beaker and heat to 35 �C
in a water bath. Then, add excess AIBN while stirring quickly.
After filtration, the filtrate is sealed and placed at 4 �C for 12 h.
The recrystallized AIBN is obtained by filtration and dried in
vacuum at room temperature. The recrystallized AIBN can be
stored at 4 �C for 2 months.

5. Wear a pair of gloves. Measure the volume of ethylenediamine
by a syringe in a fume hood.

6. Ultrasound can accelerate dissolution.

7. Wear a pair of gloves. Be careful of adding MeOH, for abun-
dant bubbles will come into being. Wait till the bubbles dis-
appeared before use. The residual is poisonous and disposed
follow the special waste disposal regulations.

8. After inserting the capillary column through the sealed valve,
cut a little of the inserting end to avoid blocking.

9. Screw the hand pump every 1 h. Be careful of this operation; for
the syringe needle would fly out suddenly when screw
excessively.

10. The phosphate buffer must be filtrated by a 0.45 μm filter
membrane and ultra-sonicated for more than 15 min before
use.

11. Ultrasound can accelerate dissolution. The adenosine solution
can be stored at 4 �C for 1 week, the same for the deoxyade-
nosine solution.

12. If the supernatant is not clear, centrifuge for another 30 min or
filtrate with a 0.45 μm filter membrane.

13. Use pH indicator strip to assay the supernatant pH value.

14. Wear a pair of gloves. The pressure of 0.5 MPa is sufficient,
higher pressure will make it difficult to be sealed with silica
rubber because of the fast flow rate of the acid solution.

15. Make sure that the coil of capillary remains at the bottom of
water bath all the time by putting two glass rods across on it.
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16. Test pH value of the flowing through liquid to judge the end
time of washing completely.

17. When using acetone, it is better to operate in a fume hood.
About 2 mL acetone is enough.

18. First, weigh liquid components (GMA, DMSO, and dodeca-
nol). Then, weigh solid component (MBAA) and transfer to
the tube.

19. Make sure that the water temperature in the ultrasonic device is
about 35 �C. MBAA is difficult to dissolve at lower tempera-
ture. Too high temperature may result in AIBN decomposing
quickly.

20. Be careful of the hot water when immersing the capillary
columns into the water bath.

21. Screw the hand pump every 1 h.

22. Do not forget purging with the newly replaced phosphate
buffer.

23. Adjust the flow rate to be about 1 μL/min by adjusting N2

pressure and keep it through the following experimental
process.

24. At first, dry the elution under vacuum at 4 �C; then, add 5 μL
HAc buffer.

Acknowledgement

We gratefully acknowledge the financial support from the National
Natural Science Foundation of China (grants nos. 21075063,
21275073, and 21121091), the Natural Science Foundation of
Jiangsu Province (grant no. KB2011054), and the Ministry of
Science and Technology of China (grant no. 35-15).

References

1. James TD, Sandanayake K, Shinkai S (1996)
Saccharide sensing with molecular receptors
based on boronic acid. Angew Chem Int Ed
35:1910–1922

2. Lee JH, Kim YS, Ha MY, Lee EK, Choo JB
(2005) Immobilization of aminophenylboro-
nic acid on magnetic beads for the direct deter-
mination of glycoproteins by matrix assisted
laser desorption ionization mass spectrometry.
J Am Soc Mass Spectrom 16:1456–1460

3. Xu Y,Wu Z, Zhang L, LuHJ, Yang PY, Webley
PA, Zhao DY (2009) Highly specific

enrichment of glycopeptides using boronic
acid-functionalized mesoporous silica. Anal
Chem 81:503–508

4. Tang J, Liu YC, Qi DW, Yao GP, Deng CH,
Zhang XM (2009)On-plate-selective enrichment
ofglycopeptidesusingboronic acid-modifiedgold
nanoparticles for direct MALDI-QIT-TOF MS
analysis. Proteomics 9:5046–5055

5. Zhang LJ, Xu YW, Yao HL, Xie LQ, Yao J,
Lu HJ, Yang PY (2009) Boronic acid func-
tionalized core-satellite composite nanoparti-
cles for advanced enrichment of

Fluorophenylboronic Acid-Functionalized Affinity Monolithic Columns 167



glycopeptides and glycoproteins. Chem Eur J
15:10158–10166

6. Ren LB, Liu YC, Dong MM, Liu Z (2009)
Synthesis of hydrophilic baronage affinity
monolithic capillary for specific capture of gly-
coproteins by capillary liquid chromatography.
J Chromatogr A 1216:8421–8425

7. Ren LB, Liu Z, Dong MM, Ye ML, Zou HF
(2009) Synthesis and characterization of a
new boronate affinity monolithic capillary
for specific capture of cis-diol-containing
compounds. J Chromatogr A
1216:4768–4774

8. Jiang YQ, Ma YF (2009) A fast capillary elec-
trophoresis method for separation and quanti-
fication of modified nucleosides in urinary
samples. Anal Chem 81:6474–6480

9. ChenM, Lu Y, Ma Q, Guo L, Feng YQ (2009)
Boronate affinity monolith for highly selective
enrichment of glycopeptides and glycopro-
teins. Analyst 134:2158–2164

10. Lu Y, Bie ZJ, Liu YC, Liu Z (2013) Fine-
tuning the specificity of boronate affinity
monoliths toward glycoproteins through pH
manipulation. Analyst 138:290–298

11. Lin ZA, Pang JL, Yang HH, Cai ZW, Zhang L,
Chen GN (2011) One-pot synthesis of an
organic-inorganic hybrid affinity monolithic
column for specific capture of glycoproteins.
Chem Commun 47:9675–9677

12. Lin ZA, Pang JL, Lin Y, Huang H, Cai ZW,
Zhang L, Chen GN (2011) Preparation and
evaluation of a phenylboronate affinity mono-
lith for selective capture of glycoproteins by
capillary liquid chromatography. Analyst
136:3281–3288

13. Hjerten S, Li YM, Liao JL, Mohammad J,
Nakazato K, Pettersson G (1992) Continuous
beds - high-resolving, cost-effective chro-
matographic matrices. Nature 356:810–811

14. Svec F, Frechet JMJ (1996) New designs of
macroporous polymers and supports: from sep-
aration to biocatalysis. Science 273:205–211

15. Li HY, Liu Z (2012) Recent advances in mono-
lithic column-based boronate-affinity chroma-
tography. Trends Anal Chem 37:148–161

16. Li XB, Pennington J, Stobaugh JF, Schöneich
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Part III

Macroporous Polymers as Matrix in Affinity Chromatography





Chapter 14

Introduction to Macroporous Cryogels

Senta Reichelt

Abstract

Cryogels are highly elastic three-dimensional materials consisting of a network of interconnected
macropores. This unique morphology combined with high mechanical and chemical stability provides
excellent mass flow properties. The matrices are synthesized at subzero temperatures from almost any
gel-forming precursor. Themain fields of application are in biotechnology as 3D-scaffold for cell cultivation,
and tissue engineering, or bioseparation as chromatographic media for the separation and purification of
biomolecules. This chapter briefly highlights the preparation, properties, and application of these materials.

Key words Cryogel, Macroporous polymer, Monolith, Stationary phase, Tissue engineering,
Affinity chromatography

1 Introduction

The rapid technological progress in medicine and biotechnology
leads to an increasing demand for highly purified biomolecules.
Today, preferred methods are affinity-based separation processes
[1–4]. They should fulfill several requirements depending on
the application and allow, e.g., rapid purification of large amounts
of biomolecules or quantitative isolation of low abundant mole-
cules like proteins from human blood or other multicomponent
mixtures. The development of novel materials for stationary phases
is one key aspect of research in affinity chromatography. Today, a
variety of stationary phases for chromatography are available.
Beside the common particle-based affinity columns, monolithic
porous materials are attracting more attention. Commercial mono-
lithic columns are already available from several suppliers. Mono-
lithic materials consist of one single piece of continuous porous
organic or inorganic matrix. This chapter focuses on polymer-based
materials. Porous polymer monoliths are applied in many areas of
chemistry, biology, medicine, and biotechnology [5–8]. Typically,
such materials are derived in a phase separation process by polycon-
densation, living or free radical-induced polymerization [6, 8].
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Thesematerials are highly attractive for chromatographic separation
applications due to their excellent mass flow properties allowing
rapid separation at high flow rates and comparatively low
column back pressures. The porous structure is formed during a
heterogeneous polymerization in the presence of poor solvents used
as porogen [5]. These are mostly organic solvents. The use of
monoliths in affinity chromatography was recently reviewed in
reference [9].

A subgroup of monolithic materials are macroporous cryogels.
These systems are synthesized at subzero temperatures and
characterized by a sponge-like morphology consisting of a three-
dimensional network of interconnected pores in the range of
10–200 μm and high porosities of 80–90 % (Fig. 1) [10]. They are
most often synthesized from a variety of monomers or polymeric
precursors in semifrozen aqueous systems in a so-called cryogelation
(or cryostructuration) process. The fact that reactive groups can be
introduced by the use of functional reagents in the precursor formu-
lation is important for the application as stationary phase in affinity
chromatography. The surface of the gels can be simply modified by
chemical coupling of the ligand of choice. Due to unique properties
like high porosity, mechanical stability and strength, and its hydro-
philic character which reduces unspecific adsorption of biomolecules,
cryogels are ideally suited for affinity separation.

The term “cryogel” was first introduced in 1984 for polymeric
materials which were prepared by chemical cross-linking of poly-
meric precursors in moderately frozen organic media [11]. Since
then, the popularity of cryogels increased significantly and has
grown almost exponentially in the last 10 years [12].

This chapter does not claim to be an extensive review of the
recent literature; it should rather be seen as short introduction to
the exciting material class of macroporous polymers. For deeper
insights into this topic, the recently published excellent reviews

Fig. 1 μCT-image of a polyethylene glycol-based cryogel (left image taken by Scanco Medical AG) and SEM-
morphology image of a dextran-cryogel [32]
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of Lozinsky [12] and Ert€urk et al. [13] are recommended. This
chapter introduces the reader to the cryogel preparation,
characterization, and application with a special focus on affinity
chromatography.

2 Preparation and Properties

The special preparation conditions of this material class are already
highlighted in the name “cryogel” describing gels that are prepared
at cryonic temperatures (greek kryos, meaning frost or ice).
Generally, they are prepared at temperatures between �15 and
�30 �C. The reaction formulation contains the precursors like
monomers, polymers, cross-linkers, and initiators. Most often
water is used as solvent and porogen. This labels the process as
environmentally benign. The special feature of this cryogelation
technique is that the pores of the structure are shaped by ice crystals.
Generally, the gels can be prepared by physical interaction or cova-
lent chemical reactions. The first case includes the gel formation via
hydrogen and ionic bondings. Polyvinyl alcohol cryogels are a
prominent example for gels formed by hydrogen bond interactions.
Beside the common cryogel preparation principle described in
Fig. 2, the network is formed during the thawing step [12, 14].
Today, these gels are widely applied in medicine, biotechnology,
biochemistry, etc. [15, 16]. The variety of applications is caused by
its excellent physico-mechanical properties, high thermal and ero-
sion resistance, low costs, and the simple preparation. The other
route is based on ionic interactions by cross-linking of polyelectro-
lyte chains with counterions. A popular reaction is the formation of
potassium alginate cryogels [17]. Due to its large pores, such sys-
tems are relevant for cell cultivation and tissue engineering [18].

The remainder of this chapter will consider the cryogels
synthesized by chemical reaction. One option is the use of chemical
coupling agents like—in biotechnology—well-known reagents
glutaraldehyde [19] or 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) [20]. Glutaraldehyde reacts very fast and efficient
with primary amine groups. These agents are mainly applied in the

Fig. 2 Scheme of the cryogel formation principle (radical polymerization)
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cross-linking of biomolecules; where lots of functional groups are
available for reaction. A disadvantage for technical applicationmight
be that the available cross-linkers are either toxic or very expensive
and remain inside the resulting polymer matrix. Another widely
applied route is the cryogel synthesis by free radical polymerization.
The principle of the preparation is shown schematically in Fig. 2 and
can be divided in four steps.

The first step (step I in Fig. 2) comprises the preparation of the
reaction formulation, which normally contains (macro)monomers,
cross-linkers, and often initiators dissolved in water. The educts are
mainly monomeric or polymeric derivatives of acrylic and
methacrylic acids such as acrylamide [21–23],N-isopropyl acrylam-
ide [24, 25], 2-hydroxyethyl methacrylate [26, 27], poly(ethylene
glycol)methacrylate [28], or dextran- and hyaluronan-methacrylate
[29–33]. Subsequently, the system is frozen at temperatures
between �15 and �30 �C, a temperature above the eutectic point
of the mixture (step II in Fig. 2). The freezing rate needs to be
higher than the reaction rate. Otherwise compact non-porous gels
would be formed. The educts are cryoconcentrated in a so-called
non-frozen liquid organic microphase which is located around the
emerging ice crystals. The mechanical and swelling properties, elas-
ticity and cross-linking density of the cryogels can be tailored by the
type and concentration of the precursors and cross-linker. Higher
amounts of monomers lead to thicker pore walls (smaller pores) and
enhanced mechanical strength [28]. An interconnected network of
ice crystals which is formed by the collision of ice crystals is the
template of the later porous network. The freezing temperature
should be low enough to overcome the influence of the freezing
point depression of the heterogeneous mixture and the overcooling
effect [10]. The freezing rate and temperature are important para-
meters which need to be controlled throughout the reaction.
The lower the freezing rate and the higher the freezing tempera-
tures, the bigger is the size of the growing ice crystals and of the
resulting macropores [34]. The initiation and polymerization take
place in the organic microphase and form the third reaction step
(step III in Fig. 2). All different types of free-radical based
approaches require an initiation of the reaction. A comprehensive
overview about the different types of preparation and initiation is
given in reference [12]. The reaction rate is controlled by the initia-
tor concentration. An established initiator is the ammonium persul-
fate (APS)/N,N,N0,N0-tetramethylethylene diamine (TEMED)
initiator/activator system. It is the only system which allows a
sufficient initiation at subzero temperatures [10]. Drawbacks
might be the long-reaction time up to 15 h [35] or even longer
and the immediate initiation of polymerization whichmay lower the
porosity of the systems [36]. To overcome these drawbacks, several
groups prepared cryogels by photopolymerization [37–39].
However, UV-triggered polymerizations require photoinitiators,
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full transparency of the formulation and reaction devices. Also, the
final cryogel dimensions are limited by the low penetration depth of
UV photons. However, the disadvantage of both approaches is the
essential requirement of (often toxic) initiators, which will remain in
the backbone of the MPCs and may influence the properties of the
materials. In case of γ- or electron-beam radiation-based cryopoly-
merization, most of the above-mentioned problems are absent.
However, the reaction is less controlled than initiator-based
approaches. Kaetsu and Kumakura published a method on
γ-radiation-induced synthesis of methacrylate-based cryogels
[40, 41]. Here, the difficulty is the longer irradiation time due to
the low dose rates and the higher safety requirements due to the
permanent radiation emitted by the instrument. Another safer
approach might be the initiation by accelerated electrons [28, 42].
Depending on the energy of the accelerator, up to 7 cm thick samples
(in case of 10 MeV accelerators and two-side irradiation) could be
prepared. The irradiation and reaction lasts not more than 10 min
depending on the applied energy dose. Functional groups can be
easily introduced by electron-beam triggered grafting. Even enzymes
could be immobilized whilst maintaining its activity [43]. Cryogels
are prepared in a variety of shapes like beads, discs, columns, sheets,
membranes, etc. In Fig. 3, different shaped and sized cryogels synthe-
sized by electron beam treatment are presented. Finally, the ice
crystals are removed by freeze-drying or simple thawing and amacro-
porous network remains (step IV in Fig. 2) [44].

Macroporous cryogels are characterized by high porosity and
elasticity. Because of their high mechanical stability, they even
withstand serious deformations [45]. Cryogels can be repeatedly
dried and re-swollen very fast (within 2 min) without damages
[28]. As already mentioned above, the material properties like
mechanical strength and stiffness, degree of swelling, pore size,
cross-linking density and elasticity depend on several reaction para-
meters like composition of the precursor formulation, freezing
temperature and rate, type and degree of cross-linker.

Fig. 3 Cryogels in different sizes and formats synthesized by electron beam
irradiation [28]
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3 Application

The particular structure qualifies them for multiple applications,
including as carrier for heterogeneous catalysts [46] or biocatalysts
[47], as solid phase in chromatographic columns for the separation
of (bio)macromolecules (e.g., proteins, enzymes) or cells
[34, 48–52], as drug carrier system [38] and as scaffold for tissue
engineering [27, 53–55]. Due to their tissue-like elasticity and the
good flow-through properties, cryogels allow efficient supply of
nutrients and disposal of metabolomics waste in case of cell
cultivation.

An extensive insight in the variety of application of cryogels in
bioseparation is given in ref. 13. In summary, important criteria for
the selection of cryogel matrices as stationary phase are their large
pores, low-pressure drop, short diffusion path length, and very
short residence times of the biomolecules in the column. The trans-
portation of fluids occurs in the macropores, while sorption and
chemical reactions take place on the cryogel walls. Cryogels possess
a relatively small internal surface area due to their large pores. This
limits their binding capacity in comparison to packed-bed or mono-
lithic columns. Several approaches have been developed in order to
overcome this issue such as grafting polymerization on the surface of
the gels [56, 57], sequential freeze–thawing technique [58], and the
preparation of composite cryogels by applying a particle embedding
process [59–61].

Cryogels have been successfully applied as stationary phase in
various affinity-based purification systems. The following chapters
will present protocols for lectin- (Chapter 15) and immobilized-
metal affinity chromatography (Chapters 16 and 17), affinity-tag
modified (Chapter 18), and molecular imprinted cryogels
(Chapter 19). Chapter 20 is focused on the preparation of inter-
penetrating cryogel networks and describes principle characteriza-
tion methods of macroporous cryogels.

4 Conclusion

Macroporous cryogels are versatile tools for affinity-based separation
and purification of biomolecules. Compared to other porous systems,
cryogels are synthesized in a green water-based one-step approach
providing high mechanical stability and high elasticity at the same
time. No toxic pore-forming agents are required. Water is acting as
solvent and in frozen state as porogen. Also there is almost no limita-
tion in the choice of educts; cryogels with a broad variety ofmorphol-
ogies can be synthesized from almost any gel-forming precursor.
Owing to the high porosity and interconnected pore structure,
these materials possess excellent flow properties allowing fast and
non-destructive separation of various types of biomolecules or cells.
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Chapter 15

Cryogels with Affinity Ligands as Tools
in Protein Purification

Solmaz Hajizadeh and Bo Mattiasson

Abstract

Affinity chromatography is one of the well-known separation techniques especially if high purity is desired.
Introducing ligands on monolithic structure gives the possibility for purifying complex media such as
plasma and crude extract. This chapter is focusing on the preparation of cryogels as monolithic column and
immobilization of concanavalin A on its surface as ligand for capturing the glycoprotein horseradish
peroxidase.

Key words Macroporous structure, Affinity chromatography, Concanavalin A, Horseradish
peroxidase, Cryogel

1 Introduction

One of the common techniques which have been utilized in
downstream processing for purification and separation purposes is
chromatography [1, 2]. Chromatography systems are categorized
into different types based on their mechanism of action, e.g.,
ion-exchange chromatography [3–5], hydrophobic chromatography
[6], affinity chromatography [7, 8], immobilized metal affinity
chromatography [9–11], and size exclusion chromatography [12].
Except for the last example, in each of them different types of inter-
actions occur between a binding agent and the target molecule.
Affinity chromatography is a commonly used method for separating
or analyzing specific target compounds in samples or for studying
biological interactions [13, 14]. Chromatography based on affinity
interactions can be used alone or in combination with other types of
chromatography depending on the type of the target molecule
and the level of purity of the target molecule that is needed. Due to
the high selectivity of affinity columns, the technology has been
used in various applications, e.g., isolation of proteins [15, 16] and
antibodies [17], biomedical application [18], molecular biology
[19], biotechnology [20], and environmental analysis [21].

Senta Reichelt (ed.), Affinity Chromatography: Methods and Protocols, Methods in Molecular Biology, vol. 1286,
DOI 10.1007/978-1-4939-2447-9_15, © Springer Science+Business Media New York 2015

183



There are several key factors which need to be considered when
selecting a proper affinity column to satisfy the requirements of a
process. One important factor is the strength of the interaction
between binding agent and target molecule. Too strong or too
weak interactions both will lead to low product yields [22].
Another key factor is the type of stationary phase. The macroscopic
appearance of the support can in general be divided into two
groups: beads and monoliths [2]. Beads are by far the most com-
mon adsorbents used in affinity chromatography, but in recent
years, monoliths are attracting more attention. Monoliths are
supports which contain a single, continuous unit of porous materi-
als [23]. Macroporous monoliths will allow running the process at
high flow rate with low back pressure [24]. In addition, they can
be utilized for purification and/or analyzing complex media
containing particulate material provided the pores are big enough.
Monoliths can be built on either organic or inorganic material and
they can be presented in various shapes and formats (columns,
disks, and chips) [25–29].

Cryogels are usually of the organic monolith types. They are an
end result of the cryotropic gelation (cryogelation) technique that
permits formation of macroporous polymeric networks with
controlled porosities [30] (a few micrometers up to 100 μm).
When preparing cryogels, water is normally used as solvent and
therefore ice crystals will form upon freezing and will act as poro-
gens creating the final highly interconnected and porous structure
[31, 32]. Due to the presence of macropores, efficient mass transfer
and good flow-through properties can be expected from cryogel
columns [33, 34]. The transportation of fluids through the gel
occurs in macropores while sorption and chemical reactions take
place on the surfaces of the cryogel walls. Radical polymerization
[35, 36], UV polymerization [37, 38], cross-linking polymeriza-
tion [21, 39], and freeze–thawing cycles [40, 41] are some of the
techniques which have been reported for synthesis of cryogels by
using polymer/monomer solutions or particle suspensions [42].

As mentioned earlier, cryogels are porous structures with small
internal surface area due to the large pores. Therefore, their binding
capacity is not as high as typical for other monolithic columns or
packed beds from beads of chromatographic material. In order to
overcome this issue, different approaches have been suggested to
increase the binding capacity of cryogels such as grafting polymeri-
zation on the surface of the gels [43], sequential freeze–thawing
technique [44], and forming composite cryogels [45]. Any type of
cryogels containing particles besides the polymers that constitute
the bulk of the material or built from at least two different types of
particles can be considered as a composite cryogel.

In this chapter, the preparation of a polyvinyl alcohol (PVA)
cryogel will be discussed in detail as affinity column for capturing
horseradish peroxidase. Concanavalin A was used as binding agent
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and immobilized on the PVA cryogel via epoxy groups. Forming
composite PVA cryogel in order to increase the binding capacity of
the gel will also be discussed briefly in this chapter.

2 Materials

All solutions are prepared in distilled water at room temperature, if
not otherwise stated.

Kit for protein assay (bicinchoninic acid assay) and paraffin oil
will be needed for the determination of the amount of enzyme and
PVA nanoparticle preparation, respectively.

2.1 PVA Solution 1. Weigh out 0.5 g PVA powder (with molecular weight
~27,000 g/mol).

2. Dissolve PVA in 5 mL water for 30 min at 80 �C (see Notes
1–3).

3. Cool the solution to room temperature by removing the bottle
from the heating bath and place it on the bench.

2.2 Other Solutions 1. Prepare sodium hydroxide (1 M).

2. Add epichlorohydrin to sodium hydroxide (0.5 M) and make
2 % v/v and stir using a stirrer-magnet to obtain a well-mixed
emulsion. This emulsion will be used during adding epoxy
groups on PVA cryogels process.

2.3 Application

Buffers

1. 50 mM carbonate buffer (pH 9) will be used in most of the
experimental parts unless otherwise mentioned (see Note 4).

2. 1 M sodium borohydride in carbonate buffer is needed for
blocking active aldehyde groups (see Note 5).

3. Add sodium chloride, magnesium chloride and calcium
chloride to the carbonate buffer until the following concentra-
tion is obtained, 1 M NaCl, 1 mM CaCl2, and 1 mM MgCl2.
Use this buffer to prepare 4 mg/mL Con A solution.

4. Prepare 0.1 M ethanolamine solution in carbonate buffer con-
taining 1 M NaCl, 1 mM CaCl2, and 1 mM MgCl2.

2.4 Running Buffer 1. Prepare 0.1 M potassium phosphate buffer (pH 7.5) contain-
ing 0.1 M NaCl (see Note 4).

2.5 Elution Buffer 1. Prepare 1 M glucose solution in carbonate buffer containing
chloride salts mentioned in Subheading 2.3.
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3 Method

3.1 PVA

Nanoparticles

1. PVA nanoparticles were prepared using a method described by
Li et al. [46] with some modifications. Use pipette or syringe
to add the PVA solution (5 mL) drop-wise to 200 mL of paraf-
fin oil while stirring at 2,200 � g with a homogenizer (see
Notes 6–10).

2. Stir the water in oil emulsion for 5 min.

3. Seal the bottle of the water in oil emulsion properly and keep it
in normal freezer for 24 h at �20 �C.

4. Allow the emulsion to thaw for 6 h at room temperature
(see Note 11).

5. Repeat the freezing (step 3) and thawing (step 4) process, four
times in total.

6. Centrifuge the PVA suspension for 10 min at 15,000 � g
(see Note 12).

7. Remove the oil from the bottles and collect the white PVA
particles in a separate container (see Notes 13–15).

8. Add acetone to the centrifuge bottle to fill half of it.

9. Seal the bottle and shake it fast for a few seconds.

10. Centrifuge the PVA suspension for 10 min at 15,000 � g.

11. Remove the acetone from the bottle carefully and collect it in a
separate container (see Notes 16 and 17).

12. Add fresh acetone and repeat steps 9–11, in total three times.

13. Add distilled water to the bottle to fill half of it and shake it.

14. Centrifuge the PVA suspension for 10 min at 15,000 � g.

15. Discard the water-acetone solution from the bottle carefully
and collect it in a waste container (see Note 18).

16. Repeat steps 13–15 at least five times to be sure that no
acetone and oil are left in the mixture (see Note 19).

17. Transfer the PVA particles to a proper container for freeze-
drying.

18. Place the container in the normal freezer overnight.

19. Transfer the container to the �80 �C freezer at least 1 h before
the freeze-drying step (see Note 20).

20. Connect the container to the freeze-dryer and let the PVA
particles dry completely.

21. Keep the PVA nanoparticles at room temperature in a dry place
for further application.

The average particle size of PVA can be measured by a particle
sizer at room temperature. The mean size of the PVA particle
prepared by the mentioned method will be 400 � 50 nm (Fig. 1).
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3.2 PVA Cryogels

3.2.1 Synthesis

Here, the preparation of cryogels by chemical cross-linking of PVA
particles is described for this study. Physical cross-linking cannot be
used to form PVA particle cryogels [16] since free PVA chains and/
or crystalline domains are needed in order to form PVA gels via
the freeze–thawing method. In a PVA particle suspension, not
enough free PVA chains are available to carry out and continue
the gel formation around the particles and form a secondary net-
work [41]. More details on physical cross-linking of PVA cryogels
can be found in literature [47–49].

1. Suspend the dried PVA particles in distilled water (0.03 g/mL).

2. By using a sonicator, a homogenized suspension can be
achieved (see Note 21).

3. Adjust pH of the PVA particle suspension to 1 by adding 5 M
hydrochloric acid (HCl) (see Note 22).

4. Keep the PVA suspension on ice for 30 min while it is being
stirred (please observe the suspension should become cool,
but not freeze).

5. Switch on a cryostat and adjust the temperature to �12 �C.

6. Seal the bottom (where the needle connected) of plastic syrin-
ges (5 mL) properly and cool them down in the cryostat (please
observe the suspension should become cool, but not freeze)
(see Note 23).

7. Add 5 μL/mL of glutaraldehyde to the PVA suspension while it
is being stirred.

8. After a couple of seconds, pipette 2 mL of the cooled
PVA-glutaraldehyde suspension into the syringes placed in the
cryostat.

Fig. 1 Size distribution of PVA particles in aqueous solution. (Reproduced from [16] with permission from
Macromolecular Materials and Engineering, Reproduced with permission from Journal of Separation Science,
WILEY & Co)
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9. Make sure that the level of cooling medium in the cryostat is
higher or equal to the PVA suspension level in the syringes.

10. Check the syringes to be sure that the PVA suspension has been
completely frozen during the first 5 min.

11. Leave the syringes in the cooling medium (�12 �C) for half an
hour (see Note 24).

12. Transfer the syringes from the cryostat to the air cryostat or
normal freezer while their temperature adjusted earlier at
�12 �C.

13. Keep the sample at �12 �C for overnight (approximately 14 h
in total).

14. Defrost the PVA cryogel at room temperature.

15. Remove the sealing from the bottom of the syringes.

16. Add distilled water on the PVA cryogel inside the syringes and
let the water flow through the cryogel.

17. Repeat the washing process 4–5 times with distilled water to
remove non-reacted chemicals from the cryogels.

18. Remove the gels from the syringes by using water pressure from
the bottom of the syringe (see Note 25).

19. For keeping the PVA cryogels for a short time, place them in
distilled water at 4 �C. In order to keep them for longer time,
add few drops of ethanol to the water to preserve the gels for
longer time (see Note 26).

20. Cut the PVA cryogels so that each piece has approximately
1 mL volume (approximately 8 mm diameter and 13 mm
height) (see Note 27).

3.2.2 Characterization The morphology and stability of the PVA cryogels can be evaluated
by scanning electron microscopy (SEM) (Fig. 2) and texture analy-
sis (Fig. 3), respectively.

For characterization by SEM, the cryogels should be pre-
treated with ethanol for dehydrating. It is worth to mention that
this pretreatment will affect the size of the PVA nanoparticles
dramatically. Due to the highly porous structure of the PVA
particles, the removing of water completely and dehydrating will
cause shrinking effects. Therefore, the particle size of PVA in
suspension (wet form) is larger than the particle size determined
from SEM images.

1. Wash the cryogel with plenty of water to be sure that there are
no salts on its surface.
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2. Cut the cryogel from the cross section and make a thin disk
(3–4 mm).

3. Put the disk in 25 % ethanol solution.

4. Shake the bottle on the rocking table for 30 min.

5. Replace the ethanol solution with fresh one with higher
concentration (50 %).

6. Repeat steps 4 and 5 by increasing gradually the ethanol solu-
tion (75 %, 95 %, and absolute ethanol).

7. Keep the cryogel in absolute ethanol under the shaking condi-
tion overnight.

8. Use supercritical drying technique (dry with liquid carbon
dioxide) to dehydrate the gels completely.

Fig. 2 (a) SEM images of 3 % PVA particle cryogel; (b) at higher resolution

Fig. 3 Digital photos of PVA particle cryogels, (a) wet state; (b) under manual mechanical compression in the
wet state
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9. Follow coating procedure of the gel according to routines for
the SEM that is going to be used.

By texture analysis, the stability and elasticity of the cryogels can be
determined [50, 51].

3.3 Coupling of

Epoxy Groups on PVA

Cryogels

1. In order to reduce the aldehyde groups, place the PVA cryogel
in a glass tube (I.D. 7 mm) in vertical position while both the
top and the bottom of the glass are open.

2. Add 1 mL sodium borohydride solution on top of the cryogel
and let it pass through the gel by gravity.

3. Repeat the step 2 at least three times.

4. Wash the cryogels with distilled water until the water outcome
becomes neutral.

5. Check the pH of the water by pH indicator papers.

6. Add 1 mL sodium hydroxide (0.1 M) on top of the cryogel and
let the solution pass through the gel.

7. Repeat step 6 at least five times.

8. Remove the cryogels from the glass tubes and place them in a
porous nylon fabric.

9. Place the nylon porous fabric containing PVA cryogels on top
of the bottle of epichlorohydrin emulsion as it was immersed in
the reaction mixture and close the lid (Fig. 4) (see Note 28).

10. Keep the cryogel in the emulsion for 48 hours while stirring.

11. Place the modified gels inside the glass tubes (step 1) and wash
them with distilled water until the used water becomes neutral
(tested with pH indicator papers).

Formation of PVA particle cryogel is suggested over normal
PVA cryogel due to several reasons. Using PVA nanoparticles will
increase the surface area of the cryogel wall and as a result the
binding capacity of the cryogel will be increased as higher amounts
of epoxy groups will be available on the cryogel’s surface which can
react later on with Con A.

Fig. 4 Schematic image of placement of PVA cryogels inside the porous fabric
during modification process with epoxy groups
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3.4 Immobilization

of Con A on Epoxy-

Modified PVA Cryogels

The building block and the concept behind affinity chromatography
technique rely on specific recognition between a ligand (immobi-
lized on the surface of the stationary phase) and a target molecule in
a solution. Ligand is a substance which normally forms reversible
interactions with target molecules. Interactions with higher selec-
tivity will minimize nonspecific interactions. In order to have the
highest yield in a purification/separation process, a ligand should be
selected wisely and in respect to the target molecule. Low affinity
and high affinity between the ligand and the target can reduce the
production yield by decreasing the binding efficiency and inefficient
elution, respectively [22]. Ligands can be categorized into three
groups: biologic, synthetic, and inorganic (Table 1). What is
regarded as a ligand can also be a target, but then the former target
becomes the ligand. This means that the affinity pairs that are listed
in the table can be used in a reciprocal way as listed below.

Concanavalin A is a lectin extracted from jack-bean (Canava-
lia ensiformis) and it has four identical binding sites. These sites
can specifically bind to sugar or glycoconjugates (glycoproteins or
glycolipids) at physiological pH. Due to this characteristic, it has
been used as a suitable ligand for capturing many glycoproteins
[52–55]. The modification of cryogels with Con A was reported
elsewhere [56].

Table 1
Commonly used ligands and their specificity [14, 60]

Type Ligand Specificity

Biological Antibody Antigen
Biotin Streptavidin, avidin
Gelatin Fibronectin
Heparin DNA binding proteins, growth factors, lipoproteins, hormone

receptors
Lysine Plasminogen, rRNA, dsDNA
Arginine Serine proteases with affinity for arg, fibronectin, prothrombin
Lectins Glycoproteins, polysaccharides, glycolipids
Calmodulin Calmodulin binding proteins, ATPase, adenylate cyclase, kinases
Protein A Many IgG subtypes, weak interactions with IgA, IgM, IgD
Protein G Many IgG subtypes, albumin, species dependent

Synthetic Cibacron Blue F3G-A Albumin, kinases, dehydrogenases, enzymes requiring adenylyl-
containing cofactors, nicotinamide adenine dinucleotide (NAD+)

MIP (adsorbent) Organic and inorganic compounds
Polymixin Endotoxins
Benzamidine Serine proteases (thrombin, trypsin, kallikrein)

Inorganic Metal ions Metal binding amino acids, proteins, peptides, and nucleotides
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1. Incubate the epoxy-modified PVA cryogels in the Con A solu-
tion on a rocking table for 24 h at 4 �C.

2. Collect the washout for determining the amount of unbound
Con A (see Note 29).

3. Use bicinchoninic acid assay and a plate reader, e.g., ASYA,
Biochrom [57] (see Notes 30 and 31).

4. Calculate the amount of the washed-out Con A.

5. Subtract the total amount of washed-out Con A from the initial
concentration in order to evaluate the amount of immobilized
Con A in the gels.

6. Place the gels inside the glass tube and wash them with
ethanolamine solution in order to block the non-reacted
epoxy groups.

7. Keep the modified cryogel at 4 �C in the sodium carbonate
buffer.

3.5 Affinity Capture

of HRP on Con

A-Modified PVA

Cryogels in Batch

System

Horseradish peroxidase (HRP) was chosen as a target molecule as a
representative of macromolecular glycoprotein which has mannose
residues within its carbohydrate chains. Mannose (sugar) can inter-
act and bind to Con A [58].

1. Dissolve HRP in the running buffer (100 μg/mL).

2. Put the Con A-modified gels in 50 mL phosphate buffer
(0.1 M, pH 7) in a container.

3. Place the container on the rocking table for 1 h to prewash the
gels.

4. Replace the buffer with 5 mL of HRP solution, place it on the
rocking table for overnight (about 12 h) under gentle mixing at
6–7 �C.

5. Collect the remaining solution.

6. Place the gel in the glass tube and pass 1 mL phosphate buffer
through the gels.

7. Collect the washed-out fractions.

8. Use spectrophotometer to measure the amount of HRP
enzyme at 404 nm [59] (see Notes 29 and 32).

9. Repeat thewashing process (steps 6 and7), until the adsorption
at 404 nm becomes close to the baseline.

10. Calculate the concentration of washed-out HRP.

11. Subtract the total concentration of washed-out HRP enzyme
from the initial amount of enzyme.

The amount of the bound enzyme on the modified PVA cryogel
was calculated tobe0.28 � 0.02 (mgHRP/mLgel) byusing a batch
system. It was also shown in this study that the captured enzymes on
the surface of the cryogel network keep their activity [16].
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3.6 Affinity Capture

in a Chromatographic

System

Separation techniques can be divided into batch and continuous
modes. Depending on requirements and type of molecule that is to
be purified, each of these methods can be utilized. One of the
advantages of cryogel matrices is their flexibility toward both of
these modes. This feature will be highlighted even more when a
substance is to be isolated from a complex medium/feed which
may be a solution or suspension consisting of numbers of different
high/low molecular mass compounds and/or solid particulate
materials. Examples of such media are blood plasma, urine, and
crude cell homogenate (e.g., after homogenizing bacterial cells).
The highly porous structure of the cryogel will allow an efficient
mass transfer and good flow-through properties. In addition, run-
ning the separation process in continuous mode will reduce the
time dramatically in comparison with the time needed for batch
mode operation.

Therefore, it is possible to run the binding/elution of HRP
enzyme in continuous mode using a chromatography column.

1. Use a chromatographic column (I.D. 6.6 mm) with flow
adaptors at both ends.

2. Use a peristaltic pump and adjust its flow rate at 1 mL/min
during process.

3. Connect all the tubes according to the scheme below (Fig. 5).

4. Test the set-up for any leakage by passing distilled water for a
few minutes without placing the gel inside the column.

5. Place the gel with immobilized Con A inside the column.
Squeeze the gel with two fingers to remove the excess water.
The gel will shrink and can go inside the tube easier.

Fig. 5 Schematic image of chromatography set-up; the arrows show the direction of the flow

Cryogels with Affinity Ligands 193



6. Add a fewmilliliter of carbonate buffer containing chloride salts
to the gel so it can expand until it fully fills up the column.

7. Adjust the flow adaptors so that there is no empty space on the
top or bottom of the gel in the column.

8. Set the UV/VIS spectrometer absorbance wavelength at
404 nm.

9. Wash the gel with the running buffer until a stable baseline is
obtained (see Notes 33 and 34).

10. Pump a solution of HRP (100 μg/mL, 8 mL) through the
column in order to obtain a breakthrough curve (seeNote 35).

11. Wash the gel with the 0.2 M phosphate buffer (10 mL) to
remove any nonspecifically bound enzyme from the column.

12. Use the elution buffer to elute HRP from the column (Fig. 6).

13. For calculating the amount of captured enzyme, convert data
on the absorbance (Y ) axis to concentration (mg) by using the
calibration curve (see Note 29). The time axis (X) can be
correlated to the volume as the flow rate was adjusted to
1 mL/min.

Calculate the area beneath the elution peak. This will represent
the amount of enzyme captured by the matrix (see Note 36). As it
was mentioned earlier, the binding capacity of the cryogel can be
increased by adding particles into the gelation mixture and forming
composite cryogel. Any type of particles (porous–nonporous) can
be applied. For this particular study, nonporous particles (few

Fig. 6 Comparison of chromatograms of binding/elution of HRP between PVA cryogel and PVA composite
cryogel; (Filled diamond): 3 % (w/v) PVA cryogel + 3 % (w/v) PA adsorbent (composite cryogel); (Filled
triangle): 3 % (w/v) PVA cryogel. Arrows with numbers represent the solutions during the process: (1) 0.2 M
phosphate buffer pH 7.5 containing 0.1 M NaCl, (2) 100 μg/mL HRP in buffer 1, (3) 1 M glucose solution in
buffer 1, (4) 0.05 M carbonate buffer pH 9. Order of peaks in chromatogram: (a, a0) loading; (b, b0) elution; (c, c0)
regeneration. (Reproduced from [16] with permission from Macromolecular Materials and Engineering, Repro-
duced with permission from Journal of Separation Science, WILEY & Co)
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hundred micrometers) having amino-functional groups on their
surface were added to the PVA suspension before the gelation
process. The procedure of preparation and separation step will be
exactly as it was described earlier. The concentration of the added
particles has direct effect on increasing of the binding capacity [16].

3.7 Regeneration of

the Affinity Column

1. Wash the column with 0.2 M carbonate buffer pH 9 (10 mL).

2. Repeat steps 9–13 from previous section (chromatography
system) for the second round of binding/elution.

The system can be regenerated for binding/elution of the
enzyme for at least ten continuous cycles. The binding capacity
reduces gradually after the first six cycles since Con A activity
decreases (Fig. 7).

4 Notes

1. It is suggested to use an oil bath for heating the PVA solution.

2. Due to the high temperature, there is a risk that the water
evaporates and the PVA solution becomes concentrated.
In order to minimize the vapor evaporation, cover the top of
the respective bottle.

3. It is recommended to use magnet stirring during the dissolving
process as it facilitates the procedure.

4. Buffer preparation:

http://www.srmuniv.ac.in/sites/default/files/files/1%20pH
%20and%20BUFFER.pdf

Fig. 7 Percentage of bound enzyme on 3 % (w/v) PVA cryogel in continuous
system for ten adsorption/regeneration cycles. (Reproduced from [16] with
permission from Macromolecular Materials and Engineering, Reproduced with
permission from Journal of Separation Science, WILEY & Co)

Cryogels with Affinity Ligands 195

http://www.srmuniv.ac.in/sites/default/files/files/1%20pH%20and%20BUFFER.pdf
http://www.srmuniv.ac.in/sites/default/files/files/1%20pH%20and%20BUFFER.pdf


5. Sodium borohydride is very reactive and solutions should be
prepared fresh every time.

6. In case of using pipette, be cautious that the sucking step
should be done gently to avoid contaminating the pipette
with a viscous PVA solution.

7. The size of PVA solution droplets from syringe or pipette does
not affect the final PVA nanoparticles size.

8. The speed of the homogenizer is one of the key factors influen-
cing the PVA nanoparticle size. Higher speed will result in
smaller particles.

9. Different types of oil can also be used instead of paraffin oil.

10. Oil with high viscosity such as silicon or paraffin oil is highly
recommended, since the water–oil emulsion can be sustained
during the process.

11. Shake the bottle for few seconds before placing it back in the
freezer.

12. Centrifuging with higher speed will give better results and
higher yield of the amount of prepared PVA particles.

13. After centrifugation, a white bulk piece will remain at the
bottom of the centrifuge tube which represents the PVA
particles.

14. Try to remove the oil from the centrifuge bottles as much as
possible. Due to the presence of oil in the bottles, the bulk PVA
particles do not stick to the bottle and there is a risk that
particles will be discarded while removing the oil.

15. The oil can be reused for preparation of the PVA nanoparticles
for several times.

16. Used acetone can be reused for the first round of washing off
the oil from the PVA particles for other batch preparations.

17. Other solvents which are compatible with PVA can also be
used.

18. In order to protect the environment, avoid discarding any types
of solvent or other pollutants into the drains and sewage
system.

19. In case of observing thick layer of oil on the suspension, repeat
the washing step with acetone for one more time followed by
washing with the distilled water.

20. This step can be eliminated if the container stays in normal
freezer (�20 �C) for 24 h.

21. Place the suspension on ice before using the sonicator. PVA
particles were formed by the physical cross-linking technique
and high temperature can melt them. Use pauses between
sonicating the PVA suspension.
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22. For each 5 mL of the PVA suspension about two droplets of
5 M HCl is needed.

23. The cooling medium should not enter into the syringes as it
will inhibit the freezing procedure.

24. In case that the PVA suspension did not freeze, add very few
particles of silver iodide into the syringe.

25. Please note that using chemical cross-linking polymerization
will result in shrinking of the cryogel which can be explained by
inter-polymerization inside the gel [29].

26. Do not dry the PVA cryogels in oven as the PVA particles will
melt.

27. Each piece of cryogel inside the syringe can be divided into two
pieces.

28. The gels should not touch the bottom of the glass otherwise
they will be destroyed by the magnet during the stirring
process.

29. Calibration curve:
http://www.webassign.net/sample/ncsugenchem202labv1/
graphs/manual.html

30. BCA assay: http://www.ruf.rice.edu/~bioslabs/methods/pro
tein/bca.html

31. Use the carbonate buffer solution (0.1 M, pH 9) as a baseline.
Prepare five solutions with different concentrations of Con A
(from 0.25 to 3 mg/mL). Read the adsorption of these
solutions at 275 nm and draw a calibration curve.

32. Use the phosphate buffer solution (0.1 M, pH 7) as a baseline.
Prepare five solutions with different concentrations of HRP
(from 1 to10 μg/mL). Read the adsorption of these solutions
at 404 nm and draw a calibration curve.

33. Be sure that there is no air bubble in the tubing or inside the
spectrometer cell, as air bubbles can distract the reading of the
scattering/absorption of the light!

34. It is highly recommended to de-gas your solutions before using
them in your chromatography set-up. This will help to mini-
mize air bubbles in the system. Use vacuum pumps for this
purpose.

35. Switch off the pump between changing the solutions to avoid
air bubbles inside the tubes.

36. Noticeable difference can be observed by comparing the results
on the amount of enzyme captured via the batch separation and
chromatography mode. This can be explained by reaching
faster to the equilibrium phase in the batch system.
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Chapter 16

Direct Capture of His6-Tagged Proteins Using Megaporous
Cryogels Developed for Metal-Ion Affinity Chromatography

Naveen Kumar Singh, Roy N. DSouza, Noor Shad Bibi,
and Marcelo Fernández-Lahore

Abstract

Immobilized metal-ion affinity chromatography (IMAC) has been developed for the rapid isolation and
purification of recombinant proteins. In this chapter, megaporous cryogels were synthesized having metal-
ion affinity functionality, and their adsorptive properties were investigated. These cryogels have large pore
sizes ranging from 10 to 100 μm with corresponding porosities between 80 and 90 %. The synthesized
IMAC-cryogel had a total ligand density of 770 μmol/g. Twelve milligram of a His6-tagged protein (NAD
(P)H-dependent 2-cyclohexen-1-one-reductase) can be purified from a crude cell extract per gram of
IMAC-cryogels. The protein binding capacity is increased with higher degrees of grafting, although a
slight decrease in column efficiency may result. This chapter provides methodologies for a rapid single-step
purification of recombinant His6-tagged proteins from crude cell extracts using IMAC-cryogels.

Key words Protein purification, Graft-copolymerization, Megaporous cryogels, IMAC, Affinity
chromatography

1 Introduction

Recent advancements in recombinant DNA technology have
helped to introduce protein affinity tags, which can then be suitably
coupled to appropriate chromatographic adsorbents, and conse-
quently intensify the process of purification. However, a high
degree of clarification is required for packed-bed chromatography
in order to avoid column blockage and adsorbent fouling [1, 2].
Recent advancements in polymer science have introduced a new
class of materials known as monoliths, which possess larger pore
sizes as compared to traditional packed-bed adsorbents, for protein
capture. In some cases, these materials avoid the extensive removal
of biomass, like microbial or mammalian cells, from fermentation
broths [3, 4]. The cryogels described in this chapter have been
synthesized by polymerization under subzero temperatures [5–8].
These highly porous materials, however, possess limited surface
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area, which results in a relatively low binding capacity for biopro-
ducts [4, 9–11]. Nevertheless, graft co-polymerization is utilized to
overcome such limitations and simultaneously enhance protein-
binding capacities [12, 13]. Additionally, since these materials
have porosities of nearly 80–90 %, their highly interconnected
pores possess a very small flow resistance when compared to packed
bed chromatography [14].

Various affinity-based purification systems have been intro-
duced for intensifying the purification of recombinant proteins
from complex mixtures [15, 16]. Immobilized metal-ion affinity
chromatography (IMAC) is one such technique, which is based on
strong coordinate–covalent interactions of certain biomolecular
motifs, e.g., poly(histidine), with chelated metal-ions [17]. It offers
several advantages over other affinity techniques, particularly with
regard to the stability of the ligand, protein loading, and protein
recovery. While the most common IMAC systems are based on the
immobilization of Ni(II), Cu(II), or Zn(II) ions on adsorbents,
other metal ions such as Co(II), Cd(II), Fe(II) and Mn(II) have
also been immobilized onto chelating groups like iminodiacetic
acid (IDA) or nitrilotriacetic acid (NTA) [18, 19]. In the procedure
described herein, megaporous cryogels are synthesized, grafted
with epoxides, and subsequently functionalized with IDA. Cu(II)
ions are then chelated onto the IDA-cryogel backbone to obtain
IMAC functionality (see Fig. 1) [20]. These IMAC-cryogels are

Fig. 1 Mechanism of epoxide grafting (a) and subsequent IDA functionalization
(b) of MP-CM (reproduced with permission from [20]). Copyright (2013) Elsevier
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used to purify a poly(His)-tagged recombinant protein obtained
from a bacterial cell culture [21]. The imidazole groups in poly
(His) residues form very strong complexes with Cu(II) ions [22],
and consequently, poly(His)-tagged proteins are rapidly separated
in a single step from crude feedstocks in a highly specific manner.
The eluted fractions are quantified using the Bradford assay
while the purity of the eluted fractions are evaluated using SDS-
PAGE [23].

2 Materials

Prepare all solutions using ultrapure distilled water. All chemicals
are of analytical grade unless otherwise specified.

2.1 Cryogel

Synthesis and Grafting

1. Monomer solution: Dissolve the monomer, methacrylic acid
(MAA, 230 mmol), and the cross-linkers, poly(ethylene glycol)
diacrylate (PEGDA, 95 mmol) and ethylene glycol dimetha-
crylate (EGDMA, 32 mmol), in water to give a final volume
of 30 mL.

2. Ammonium persulfate.

3. N,N,N 0,N 0-Tetramethylethylenediamine (TEMED).

4. Grafting solution: Prepare the grafting solution by adding
2.5 mL GMA to 25 mL of 0.1 M nitric acid in water and
purge the solution thoroughly with nitrogen for 10 min.

5. CAN solution: Dissolve the initiator, 50 mg ceric ammonium
nitrate (CAN) in 6.25 mL of 0.1 M nitric acid in water and
purge the solution thoroughly with nitrogen for 10 min.

2.2 Coupling of IMAC

Ligand

1. 0.5 and 1 M sodium carbonate (Na2CO3).

2. 0.5 M iminodiacetic acid (IDA) dissolved in 1 M Na2CO3 at
pH 10.

3. Metal charging solution: 0.5 M copper sulfate (CuSO4).

4. 0.1 M ethylenediaminetetraacetic acid (EDTA) at pH 8.0.

2.3 Bacterial Cell

Culture

1. Weigh 10 g tryptone, 5 g yeast extract and 10 g sodium
chloride (NaCl) into a 1-L graduated cylinder containing
800 mL of water. Make the final to 1 L with water.

2. Aliquot the media into a 1 L Schott bottle with a lose cap.
Autoclave the media for 20–30 min. Allow the media to cool to
approx. 50 �C, tighten the cap and store at room temperature.

3. Ampicillin (0.1 mg/mL): Add 0.1 g ampicillin to 1 mL sterile
distilled water, sterilize solution using syringe filter (0.2 μm).
Prepare each 0.1 mL aliquots in eppendorf tubes, and store at
�20 �C.
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4. 0.1 M Isopropyl-β-D-thiogalactopyranoside (IPTG): Weigh
0.0238 g IPTG and transfer to 1 mL sterile distilled water,
sterilize solution using syringe filter (0.2 μm).

2.4 Direct Capture

of His6-Tagged Protein

1. Equilibration buffer: 20 mM phosphate buffer, 200 mMNaCl,
2 mM imidazole, pH 7. Weigh 3.27 g disodium hydrogen
phosphate (Na2HPO4–7H2O), 0.94 g monosodium phos-
phate (NaH2PO4), 11.688 g NaCl, 0.136 g imidazole and
transfer to a 1-L graduated cylinder containing 600 mL of
water. Mix and adjust pH with HCl to 7. Make up to 1 L
with water and filter through a 0.45 μm Sartorius filter.

2. Elution buffer: 20 mM phosphate buffer, 200 mM NaCl,
200 mM imidazole, pH 7. Weigh 3.27 g Na2HPO4–7H2O,
0.94 g NaH2PO4, 11.688 g NaCl, 13.6 g imidazole and pre-
pare a 1 L solution as mentioned in the previous step.

3. Column storage solution: 20 % ethanol.

3 Methods

3.1 Megaporous

Cryogels and Epoxy

Groups

The following method is used for the preparation of cryogels. The
method uses glycidyl methacrylate (GMA) to introduce epoxy
groups onto the cryogel backbone for the further
functionalization.

1. Degas the monomer solution by purging nitrogen for 20 min
(see Notes 1–3).

2. Subsequently, add the initiator, ammonium persulfate (APS,
27 mmol), and the catalystN,N,N0,N0-tetramethylethylenedia-
mine (TEMED, 80 mmol) to the solution (see Notes 4–7).

3. Pour the final solution into plastic syringes (16 mm inner
diameter, 7 cm height) and keep them at �20 �C for 24 h.

4. Thaw the monolithic cryogels at room temperature, wash them
with 200 mL of water, and dry them at 60 �C overnight.

5. For grafting, mix the grafting and CAN solutions, and imme-
diately immerse a known amount of dried adsorbent (i.e.,
0.5 g) for 2.5 h at 40 �C (see Notes 8–10). An increase in the
concentration of initiator (1–6 mM) leads to increased grafting
percentages, ranging from 20 to 100 % (see Fig. 2).

6. Wash the grafted cryogel with tap water until a neutral pH is
achieved and dry it at 50 �C.
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3.2 Introduction

of IMAC Functionality:

IDA Ligand and Cu(II)

Ions

The following method is used to covalently immobilize IDA and
Cu(II) ions onto epoxy-activated cryogels.

1. Pack the epoxy-activated cryogel generated in Subheading 3.1
into a C10 column (see Note 11).

2. Circulate 50 mL of 0.5 M Na2CO3 followed by 50 mL of 1 M
Na2CO3 solutions through the column at a flow rate of 75 cm/h.

3. Subsequently, circulate 40 mL of a solution of 0.5 M IDA for
24 h at room temperature through the column at a flow rate of
75 cm/h.

4. Wash the cryogel coupled with IDA in the column with
100 mL of 0.5 M Na2CO3 followed by water until neutral
pH is achieved (see Note 12).

5. Charge the IDA-cryogel with Cu(II) ions by circulating 50 mL
of 0.5 M CuSO4 within the column at a flow rate of 75 cm/h
(seeNote 12).

6. The amount of immobilized IDA can be determined by
quantifying the amount of bound copper ions (see Note 12).

3.3 Bacterial Cell

Culture and Lysis

The overexpression of a ncr (NAD(P)H-dependent 2-cyclohexen-
1-one-reductase) was carried out with an expression vector pQE-
Ncr in E. coli M15 (pREP4).

1. Grow the E. coliM15 (pREP4/pQE-Ncr) cells in Luria-Bertani
media (tryptone 10 g; yeast extract 5 g and sodium chloride 5 g
in 1 L distilled water, pH7.2) containing 0.1mg/mL ampicillin.
Induce the culture by bringing the concentration of IPTG in
the media to 0.1 mM when OD600nm of the media reaches 0.5
(see Note 13). Cultivate the culture at 37 �C and allow the
expression of the His6-tagged protein for 40 h.

Fig. 2 Effect of initiator (CAN) concentration on the grafting percentage.
Temperature, monomer concentration, and time of reaction (2.5 h) were kept
constant (reproduced with permission from [20]). Copyright (2013) Elsevier
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2. Harvest the E. coli cells (OD600nm turbidity of 18–20 units) (see
Note 13) containing the expressed His6-tagged protein from
the fermentation broth by centrifugation at 3,200 � g for
10 min at 4 �C.

3. Resuspend the cell pellet in the equilibration buffer and lyse
the cells using glass beads (see Note 14) for at least 10 min.
Clarify the lysis solution by centrifuging at 3,200 � g for
10 min at 4 �C.

4. The clarified lysate can be applied directly to the cryogel col-
umn with no pretreatment. Prepare the clarified lysate on the
same day when it is to be loaded onto the column.

3.4 Direct Capture

of His6-Tagged Protein

Using IMAC-Cryogel

1. Use the packed cryogel column of Subheading 3.2, equilibrate
the column with 10 column volumes (CV) of equilibration
buffer (see Note 15).

2. Load 0.5 mL of the sample containing non-diluted cell culture
fluid into the column at a flow rate of 300 cm/h (seeNote 16).
This clarified lysate from Subheading 3.3 should contain
approximately 8–10 mg/mL of His6-tagged protein and is
used directly to load the column.

3. Following the load, wash the column with 15 CVof the equili-
bration buffer at a flow rate of 300 cm/h or until the optical
density at 280 nm reaches the baseline (see Note 17).

4. The bound protein is eluted using the elution buffer at a flow
rate of 300 cm/h (see Note 18 and Fig. 3).

Fig. 3 Chromatogram of the metal affinity material (MP-MA). Ten milliliter of
His6-tagged protein was loaded in equilibration buffer (with 20 mM phosphate
buffer pH 7 having 0.2 M sodium chloride and 0.02 M imidazole) and elution with
the same buffer having 0.2 M imidazole. Absorbance measured at 280 nm
(reproduced with permission from [20]). Copyright (2013) Elsevier
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5. Regenerate the column with 10 CV of 0.1 M EDTA at pH 8,
and store it in 20 % ethanol at 4 �C, preferably in the presence
of an antimicrobial agent (see Note 19).

6. Quantify the eluted fractions for protein content using the
Bradford assay as per [24] and analyze the purity of the fractions
by SDS-PAGE (see Note 26 and Fig. 4) according to [23, 25].

4 Notes

1. MAA is harmful if swallowed. When in contact with skin, it
causes severe skin burns and eye damage.

2. PEGDA causes skin irritation and severe eye damage.

3. EGDMAmay cause an allergic reaction to the skin or may cause
respiratory irritation.

4. The water should be properly degassed and purged with N2 (to
remove O2) for 10 min, before the addition of APS/TEMED
to prevent the inhibition of free-radical polymerization. For
achieving maximum cryogelation, APS should be added first
followed by TEMED to the mixture as initiator/activator
agents.

5. The mixtures of monomers and cross-linkers should be cooled
to 1–4 �C before addition of APS/TEMED.

6. TEMED is highly flammable and causes burns.

Fig. 4 SDS-PAGE of the crude extract (L), flow through (F), and eluted fractions
(1–4) collected from metal-ion affinity chromatography. M is the molecular
weight marker as indicated (reproduced with permission from [20]). Copyright
(2013) Elsevier
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7. APS is an irritant and may catch fire on contact with flammable
materials.

8. GMA is harmful if inhaled, is toxic if it comes in contact with
skin, and may cause severe eye irritation.

9. The efficiency of graft copolymerization depends on several key
parameters like concentration of monomer (higher concentra-
tion leads to larger grafting percentages, but smaller pore sizes),
reaction time and temperature (higher temperature leads to
lower reaction times), and concentration of initiators (see
Fig. 2). For example, initiator concentrations of 1, 3, 4, and
5.5 mM lead to 20, 50, 70, and 100 % grafting, respectively.
The other parameters like monomer concentration (2.5 mL
GMA), reaction time (2.5 h), and reaction temperature
(40 �C) were kept constant to achieve different degrees of
grafting.

10. Use protective gloves and eyewear while working with all
chemicals or reagents.

11. A column having 10 mm inner diameter (e.g., GE C10/10
column), containing approximately 3.5 mL of the IMAC-
cryogel (4.5 cm bed height), is used and operated onto an
FPLC system (e.g., GE ÄKTAexplorer™ 100). The recom-
mended flow rate for this column is between 1 and 8 mL/min
(75–600 cm/h).

12. Washing of cryogel column coupled with IDA and all following
steps are performed at a flow rate of 4 mL/min (300 cm/h). In
this step, the IDA-coupled cryogel was charged with Cu(II)
ions. Bound Cu(II) ions can be eluted from the column with
0.1 M EDTA solution, pH 8. The amount of IDA ligand
bound is determined spectrophotometrically from the absor-
bance of the Cu(II) complex formed in the EDTA solution at
λmax ¼ 730 nm and ε730 ¼ 46.8 M/cm. Ligand densities for
the IMAC adsorbents synthesized by this method should gen-
erally be in the range of 750–1,050 μmol/g.

13. Optical density (OD), measured using a UV/visible spectro-
photometer, determines the concentration of the bacterial cells
in a suspension. Turn on the spectrophotometer and taking LB
media as a blank, measure the OD. Now place the cuvette
containing bacterial cells in the suspension and measure the
OD (OD600nm ~0.5—overnight culture). IPTG-induced cul-
tures need a longer induction time of 18–24 h to obtain the
desired amount of His6-tagged protein. After 24 h, measure
the OD of the suspension (dilute 1:30 or more in LB media to
obtain an accurate reading). Once the desired OD600nm ca.
18–20 units (upon back-calculation) achieved harvest the bac-
terial cell suspension by centrifugation.
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14. The effective bacterial cell lysis can be achieved using small
beads of size ranging from 100 to 300 μm. The lysis can be
carried out in Eppendorf tubes, 15 and 50 mL falcon tubes.
For achieving effective cell lysis, 1/3 glass beads should be
added to 2/3 bacterial culture by volume. The container itself
should contain half empty after transferring the beads and cell
culture. Avoid the addition of detergents for the lysis. Lyse the
cells on vortex mixer for around 8–10 min.

15. IMAC-cryogels pre-charged with metal ions should be
equilibrated with buffers containing a small amount of imidia-
zole, 2 mM, to release any loosely bound Cu(II) ions and to
avoid nonspecific binding of impurities to Cu(II) ions.

16. The total amount of His6-tagged protein loaded onto 3.5 mL
of the IMAC-cryogels column could be up to 5 mg. The large
pores (10–100 μm) allow the free passage of cell debris without
clogging of the column. Furthermore, the flow resistance of
the column is very low permitting the use of high flow rates of
up to 600 cm/h without hampering column efficiency.

17. The washing steps are introduced to remove the cell debris and
unbound soluble impurities from the column.

18. The His6-tagged proteins bound to the IMAC-cryogels are
usually eluted within 2–4 CV in the presence of imidazole.
The amount of fractions recommended for collecting should
not be more than 1–2 mL.

19. The bound Cu(II) ions are released by regenerating the IMAC-
cryogels with 0.1 M EDTA. The regenerated IDA-cryogel
column is once again ready for coupling with Cu(II) ions to
have IMAC-functionality. Before charging the Cu(II) ions
onto the IDA-cryogels, stored columns should be washed
properly to remove the antimicrobial agent (sodium azide),
which is typically used for long-term storage of column. If
not washed thoroughly, the azide ions form strong complexes
with Cu(II) ions, which consequently reduces the protein
binding capacity of the adsorbent.

20. To avoiding bacterial contaminants, the regenerated column
should be cleaned in place with 3–5 CV of 0.2 M NaOH
followed by washing with distilled water until neutral pH is
achieved [2].

21. The IMAC-cryogels should be stored in 20 % ethanol and
0.02 % sodium azide, for long-term storage [26].

22. All buffers used should be filtered with a 0.2-μm filter, to avoid
clogging of the column [20].

23. After synthesis, most of the cryogels are uniform in shape, while
some are not. For the chromatography, choose only those
cryogels that are uniform in shape [3].
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24. The column efficiency of packed IMAC-cryogels is evaluated
by residence time distribution (RTD) experiments using ace-
tone as a non-binding tracer. Five percentage (v/v) Acetone is
injected (1 % of the column volume of a packed IMAC-cryogel)
to study its hydrodynamics properties. The total number of
theoretical plates is calculated from the residence time (tR), and
the peak width at half height (wh) is obtained from the tracer
impulse. L is the length of the column packed. The plate height
for the packed adsorbents should ideally be in between 0.5 and
1 mm. The number of theoretical plates (N) and plate height
(H) is calculated using following equations [20]:

N ¼ 5:45
tR
wh

� �2

H ¼ L

N

25. Dynamic binding capacity (DBC) is determined by break-
through analysis using lysozyme as a model protein. The
IMAC-cryogel is equilibrated with 10 column volumes of
20 mM phosphate buffer containing 200 mM sodium chloride
and 2 mM imidazole at pH 7. The column is saturated by
injecting the protein solution (2 mg/mL) prepared in the
same buffer. The effluent is monitored by measuring the absor-
bance at 280 nm. The DBC is calculated at 10 % breakthrough
using the following equation [27]:

q ¼ C0 � V � V 0ð Þ
CV

where q is the dynamic binding capacity at 10 % breakthrough
(mg/mL),C0 is the initial concentration of the sample (mg/mL),
V is the volume at 10 % breakthrough (mL), V0 represents
the dead volume of the system (mL), and CV is the column
volume (mL).

26. The IMAC-cryogels presented in this chapter have a capacity
of 1.3 mg of lysozyme per gram of dry weight of adsorbent.
The protein was quantified using Bradford assay as described in
ref. 24. SDS-PAGE analysis as described in refs. 23, 25 revealed
that the target protein is recovered with reasonably high purity
(see Fig. 4). SDS-PAGE partially confirms the identity of pro-
teins, as a unique band is observed at the 45 kDa mark accord-
ing to [21].
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Chapter 17

Ni(II) Chelated IDA Functionalized Poly(HEMA-GMA)
Cryogels for Urease Adsorption

Murat Uygun

Abstract

Cryogelic support materials have been intensively used for the purification and separation of biomolecules.
Cryogels are cheap materials, they can be easily used for different purposes and their chemical and physical
stabilities are very high. Cryogels can also be easily functionalized with different type of ligands and are be
applicable to different affinity systems. Within these affinity systems, immobilized metal affinity chroma-
tography (IMAC) offers efficient and simple protein purification strategies. IMAC technology has been
deeply applied to bioseparations studies. In the present chapter, the preparation of a cryogel support
material and the functionalization with the chelating agent iminodiacetic acid (IDA) and the subsequent
Ni(II) chelation are described. Characterization techniques and the cryogel preparation method are
summarized and urease adsorption studies on the metal chelate cryogel are briefly explained.

Key words Cryogel, Immobilized metal affinity chromatography (IMAC), Urease, Bioseparation,
Ni(II), Iminodiacetic acid, 2-Hydroxyethyl methacrylate, Glycidyl methacrylate

1 Introduction

There are great demands for the biologically active and pure
biomolecules such as DNA, proteins and even viruses, cells and
cell components. Polymeric materials have been deeply used in
order to address the requirements for the purification of active
and pure biomolecules [1, 2]. New and functional polymeric sys-
tems have been developed and applied for the purification and
separation of biomolecules [3]. Cryogels are new and functional
class of materials and they have been increasingly utilized for
biotechnological applications. Cryogels are monolithic polymeric
supports which are synthesized at subzero temperatures [4, 5].
They are characterized by a sponge-like morphology and large
pores with interconnection by channel structures [6, 7].

Several affinity techniques have been applied for the purifica-
tion of biomolecules depending on the nature of the certain bio-
molecule. One of the widely applied techniques is immobilized

Senta Reichelt (ed.), Affinity Chromatography: Methods and Protocols, Methods in Molecular Biology, vol. 1286,
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metal affinity chromatography (IMAC). This method is based on
the concept that immobilized metal ions are able to coordinate with
certain amino acids of biomolecules [8–10].

This chapter focuses on the preparation of poly(HEMA-GMA)
cryogels, their functionalization with IDA and chelating of Ni(II),
characterization of the cryogel and urease adsorption conditions
from aqueous solution.

2 Materials

All the solutions were prepared by using ultrapure deionized water
(18.2 MΩ cm).

2.1 Cryogel 1. Monomer solution: Dissolve 1.3 mL of 2-hydroxyethyl meth-
acrylate (HEMA) and 100 μL of glycidyl methacrylate (GMA)
in 5.0 mL of water (see Note 1).

2. Cross-linker solution: Dissolve 0.283 g of N,N-methylene
bisacrylamide (MBAAm) in 10.0 mL of water (see Note 2).

3. IDA solution: Dissolve 50 mg of iminodiacetic acid (IDA) in
50.0 mL of water. Then, adjust the pH of the solution to
pH 11.0 (see Note 3).

4. Ni(II) solution: Prepare 100 ppm of Ni(II) solution by dissol-
ving 25 mg of NiSO4 in 250 mL of water. Then, adjust the pH
of the solution to 4.5 (see Note 4).

5. Ammonium persulfate (APS) and N,N,N0,N0-tetramethylene
diamine (TEMED) are used as supplied.

6. Washing solution: Prepare acetic acid solution (5 %) by dissol-
ving 25 mL of glacial acetic acid in 500 mL of water.

7. Sodium azide solution: Synthesized cryogels are preserved
from the microbial growth by using sodium azide solution
(0.02 %). For this, 0.02 g of sodium azide is dissolved in
100 mL of distilled water.

2.2 Urease

Adsorption

1. 0.1M, pH4.0–5.0 acetate buffer. Weigh 8.2 g of sodium acetate
and dissolve in 900 mL of distilled water. Adjust the pH of the
solution by using 0.1 M of glacial acetic acid and 0.1 M of
NaOH. Then, bring the volume of the solution to 1.0 L.

2. 0.1M, pH6.0–8.0 phosphate buffer.Weigh 14.2 g of disodium
hydrogen phosphate and dissolve in 900 mL of distilled water.
Adjust the pH of the solution by using 0.1M of HCl and 0.1M
of NaOH. Then, bring the volume of the solution to 1.0 L.

3. 0.1 M, pH 9.0 carbonate buffer. Weigh 8.4 g of sodium bicar-
bonate and 10.6 g of sodium carbonate and dissolve in 900 mL
of distilled water. Adjust the pH of the solution by using 0.1 M
of HCl and 0.1 M of NaOH. Then, bring the volume of the
solution to 1.0 L.
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4. Urease solutions: Prepare a series of urease solutions with
concentrations ranging from 0.1 to 2.0 mg/mL by using
0.1 M of pH 5.0 acetate buffer.

2.3 Desorption

Medium

1. Potassium thiocyanate (KSCN) solution: Prepare 1.0 M of
KSCN solution (10 mL) (see Note 5).

3 Methods

Repeat all the experiments at least three times.

3.1 Preparation

of Ni(II) Chelated Poly

(HEMA-GMA)-IDA

Cryogel

The synthesis of poly(HEMA-GMA) cryogel, the functionalization
with IDA, and the chelation with Ni(II) are schematically demon-
strated in Fig. 1.

1. Mix 5 mL of monomer solution and 10 mL of cross-linker
solution (see Note 6).

2. Add 20 mg of solid ammonium persulfate (APS) to this
mixture.

3. Add 25 μL of N,N,N0,N0-tetramethylene diamine (TEMED).

4. Mix the reaction mixture by a magnetic stirrer for 1 min and
then immediately pour into a plastic syringe (see Note 7).

5. Immediately incubate the mixture at �12 �C for 24 h (see
Note 8).

6. Wash the resulting cryogels three times with 200 mL of water
in order to remove the unreacted monomers and initiators
(see Note 9).

7. Covalent immobilization of the chelating agent IDA. Pass
50 mL of IDA solution through the cryogel by a peristaltic
pump at 75 �C for 6 h (see Note 10).

8. Remove unreacted IDA by washing with 200 mL of acetic acid
solution (5 %) and water.

9. Chelation ofNi(II). Pass 100mLofNi(II) solution through the
cryogel by using peristaltic pump at 25 �C for 2 h (seeNote 11).

10. Wash the Ni(II) chelated poly(HEMA-GMA)-IDA cryogels
three times with water and store them in sodium azide solution
(0.02 %) till usage.

3.2 Characterization

of Ni(II) Chelated Poly

(HEMA-GMA)-IDA

Cryogel

1. Use FT-IR spectroscopy for the observation of IDA incorpora-
tion. Dry the cryogel samples in an oven at 65 �C for 7 days.
Mix the dried samples with IR grade KBr and press into a pellet
form. Record the FTIR spectra (see Note 12).

2. Perform energy dispersive X-ray (EDX) analysis for the calcu-
lation of the attached IDA amount (see Note 13).
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Fig. 1 Synthesis of poly(HEMA-GMA) cryogel, functionalization with IDA, and chelation with Ni(II)
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3. Determine the amount of incorporated IDA by elemental anal-
ysis (see Note 13).

4. Perform scanning electron microscopy (SEM) for the
characterization of the surface morphology and pore size. Dry
the cryogel sample in an oven at 65 �C for 7 days, sputter with a
thin gold layer and record the SEM image (see Note 14).

5. Determine the swelling degree (S) by the following equation:

S ¼ mwet cryogel �mdry cryogel

� �
=mdry cryogel

where mdry cryogel is the mass of dried cryogel and mwet cryogel is
the mass of swollen cryogel at equilibrium (see Note 15).

6. Determination of the macroporosity. First of all, cryogel is
swollen to equilibrium and weighed (mswollen) and then swollen
cryogel is squeezed by hand and weighed (msquezed). Macro-
porosity is calculated as follows:

Macroporosity % ¼ mswolled �msqueezed

� �
=mswolled � 100

7. Determin the surface area by Brunauer–Emmett–Teller (BET)
analysis (see Note 16).

3.3 Urease

Adsorption

1. Investigate the urease adsorption in a continuous mode. Pass
5 mL of urease solution (0.5 mg/mL) through the cryogel for
2 h at 25 �C by using a peristaltic pump (see Note 17).

2. Calculate the adsorbed urease spectrophotometrically by apply-
ing Bradford method [11] at 595 nm (see Note 18). Adsorbed
amount of urease is calculated as:

Q ¼ C0 � Cð ÞV½ �=m
where Q is the adsorbed amount of urease (mg/g cryogel); C0

and C are the initial and final urease concentrations, respec-
tively (mg/mL); V is the volume of the urease solution (mL),
and m is the cryogel mass (g).

3. Investigate the effect of medium pH on the urease adsorption
by different buffer systems. Prepare urease solutions (0.5 mg/
mL) by using acetate, phosphate, and carbonate pH buffers
(see Note 19).

4. Study the effect of different urease concentrations in the
concentration range of 0.1–2.0 mg/mL.

5. Determine the adsorption isotherm to urease adsorption by
using the urease concentration findings. Two main isotherms
are used for the explanation of the adsorption process, Lang-
muir and Freundlich, and are expressed by the following equa-
tions, respectively:
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Q ¼ qmaxbCe= 1þ bCeð Þ
Q ¼ KFC

1=n
e

where Q is the adsorption capacity (mg/g); Ce is the equilib-
rium urease concentration (mg/mL); b and KF are the Lang-
muir and Freundlich constants, respectively, and n is the
Freundlich exponent [12] (see Note 20).

6. Observe the adsorption type by examination of the effect of
medium temperature on the urease adsorption. Reapeat the
adsorption studies in the temperature range of 4.0–55 �C for
all adsorption/desorption steps.

7. Examine the effect of the ionic strength on the urease adsorp-
tion. Increase the medium ionic strength of the urease solution
from 0 to 1.0 M by using solid NaCl. Prepare urease solutions
in appropriate buffer. Increase the medium ionic strength by
using certain amounts of solid NaCl (see Note 21).

8. Chromatographic flow rate is another important parameter
which affects the adsorption efficiency. Vary the flow rate of
the peristaltic pump between 0.1 mL/min and 4.0 mL/min
and determine the adsorbed amount of urease (see Note 22).

3.4 Desorption and

Repeated Usage

1. Desorb the adsorbed urease from the cryogel by using the
desorption solution. Pump the desorption solution through
the cryogel column for 2 h and determine the desorbed
amount of urease by using the Bradford method.

2. Reusability profile of the cryogel is another important charac-
teristic and should be investigated for demonstration of its
capacity. Repeat the urease adsorption and desorption cycle
for 10 times by using the same cryogel. Determine the
adsorbed urease amount after each adsorption step and
compare with other steps.

4 Notes

1. This monomer concentrations were optimized in previous
studies. For more appropriate concentrations, concentration
series of the monomers should be tested. Prepared solutions
should be stored at +4 �C until use.

2. In order to dissolve, the MBAAm solution should be heated.
After dissolving the MBAAM, cool the solution in ice bath.

3. Adjust the pH by using 0.1 M of NaOH.

4. Adjust the pH by using 0.1 M of NaOH and 0.1 M of HCl.

5. pH of the KSCN solution should be adjusted by using 0.1M of
NaOH and 0.1 M of HCl.
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6. All polymerization processes should be performed at low
temperature conditions. For this, a simple ice bath can be used.

7. A typical medical syringe (5.0 mL and 0.8 cm of diameter) is
sufficient. Bottom of the syringe must be closed with a layer of
parafilm.

8. For incubation at �12 �C, it is proposed to use a cryostat.
If not, a freezer can be used, but the temperature of the
medium should be kept constant.

9. Washing procedure can be carried out by using a peristaltic
pump.

10. Speed of the peristaltic pump should be adjusted to 0.5mL/min.
In order to maintain the temperature of the medium, a water
bath can be used.

11. In order to calculate the bonded amount of Ni(II) onto cryogel
structure, initial and final Ni(II) concentrations must be
detected by using ICP-OES or AAS.

12. In order to compare the characteristic bands, FTIR spectra of
poly(HEMA), poly(HEMA-GMA) and poly(HEMA-GMA)-
IDA are recommended.

13. The attached amount of IDA is calculated by using nitrogen
stoichiometry, because IDA is the only molecule which
contains nitrogen.

14. The real pore size and the real morphology of the wet cryogel
can be visualized by using environmental scanning electron
microscopy (ESEM).

15. The swelling degree of the cryogel depends on the modifica-
tions. It is expected that swelling degrees of poly(HEMA), poly
(HEMA-GMA), and poly(HEMA-GMA)-IDA are different
from each other. Thus, the incorporation of GMA and IDA
can be easily confirmed.

16. The surface areas of cryogels can change by incorporation of
GMA and IDA. This information may serve as proof for
successful incorporation.

17. In general, adsorption experiments for 2 h are sufficient for
reaching the equilibrium adsorption values. However, it is pro-
posed to calculate the adsorption amount as a function of time.

18. Other protein determination methods (such as Lowry or spec-
trophotometric protein determination at 280 nm) can be appli-
cable by building a calibration curve of urease.

19. At the end of the pH experiment the optimum pH for maxi-
mum adsorption is determined and this pH value is chosen for
next adsorption studies.

20. By comparing the R2 values of the graph of the isotherms, the
most appropriate isotherm is chosen. In the Langmuir model
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the surface of the adsorption sites is homogeneous and all
adsorption sites have the same energy and there are no interac-
tions between the adsorbed species. On the other hand, Freun-
dlich isotherm is used for the explanation of heterogeneous
systems and reversible adsorption.

21. NaCl is the most preferred salt for ionic strength studies. Other
salts such as (NH4)2SO4, CaCl2, and KCl should be tested.

22. In order to adjust the flow rate of the system easily, the peri-
staltic pump should be digital and its flow rate be adjustable.
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Chapter 18

A Novel Chromatographic Media: Histidine-Containing
Composite Cryogels for HIgG Separation from Human Serum

Gözde Baydemir and Mehmet Odabaşı

Abstract

Histidine-containingmicrospheres (HCM)with 2 μm in size were synthesized by suspension polymerization
of poly(hydroxyethyl methacrylate) and N-methacryloyl-L-histidine methyl ester. Then, they were used to
prepare composite cryogel columns by an embedding process for affinity depletion of immunoglobulin
G (HIgG) from human serum via histidine groups on microspheres. Here, we describe HIgG adsorption
performance of composite cryogel columns in both aqueous solution and human serum.

Key words HIgG adsorption, Monolithic composite cryogel column, Histidine ligand, Microsphere
embedding

1 Introduction

Human serum has an important role in clinical studies. Analysis of
the human serum is a difficult process because of the wide dynamic
concentration of proteins [1]. Over 60 % of human serum protein is
composed of human serum albumin (HSA) and immunoglobulin
G (HIgG). The amount of these proteins prevents the analysis of
low-abundance proteins, which are potential biomarkers for various
diseases [2]. Removing of high-abundance proteins like HIgG
allows the detection of low-abundance proteins. Several studies
were performed for the removal of the high abundant proteins
from human serum (e.g., ultracentrifugal filtration, dye affinity,
immobilized metal chelate affinity (IMAC) columns, pseudospeci-
fic ligand-attached molecular imprinted affinity columns, immu-
noaffinity chromatography, and various biomimetic ligands) [3–9].

Affinity chromatography is a separation technique based on
adsorption between an immobilized ligand and a desired
molecule in liquid phase. Themost of ligands in affinity chromatog-
raphy are of biological origin (so-called biospecific ligands),
and their molecular interactions based on complementary effect of
charges, three-dimensional shape, polar/apolar effect, etc. Show
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similarity to living systems (antigen–antibody, enzyme–substrate,
hormone–receptor). The use of biological ligands in affinity chro-
matography is limited, because of causing immune response in the
case of leakage into the media, big molecular size, fragility, and high
cost. In recent times, some small ligands (such as amino acids, metal
ions, etc.) offering some advantages in terms of economy, ease of
immobilization, and high adsorption capacity were used instead of
biological ones. These small ligands possessing resistance to harsh
chemicals and high temperatures (for sterilization) were named as
“pseudobiospecific ligands,” and they gave an inspiration to affinity
chromatography.

Generally, pseudobiospecific ligands have some drawbacks such
as weaker affinity and broader specificity compared to biospecific
ones. But these drawbacks based on specificity can be overmastered
by fine-tuning of the adsorption and elution conditions (changing
of buffer systems, addition of ions, etc.). Sometimes the weak
affinity can be advantageous especially in the elution step of
proteins without any denaturation, which are usually caused by
low pH elution conditions [10, 11].

In recent years, histidine affinity chromatography has been exten-
sively investigated as pseudobiospecific ligand for purification of
proteins and peptides both in analytical and preparative scales [11].

Affinity interactions among all the separation media available
today for the purification of biomaterials having therapeutic value
(i.e., proteins) are the most favored techniques. Although affinity
chromatography provides excellent specificity and selectivity, its
commercial applications are limited by the delicate nature of
ligands, immobilization difficulties in proper orientation, potential
leakage of immunogenic substances, and high cost [3]. Hence, it is
important to use cheap and efficient ligands (like pesudospecific
ligands) for the removal of proteins.

We undertook a study to prepare a novel histidine-containing
microspheres-embedded composite cryogel (HCMECC) column,
for the depletion of HIgG from human serum. The high porosity of
cryogels makes them appropriate candidates for the application as
supermacroporous chromatographic materials [12–14]. Owing to
supermacroporosity and interconnected pore-structure, such a
chromatographic matrix has a very low flow resistance [15, 16].
Cryogels have low surface area and also low adsorption because of
large pores of them. To overcome these drawbacks of the cryogels,
a particle embedding process would be a useful improvement for
increasing the adsorption capacity [14, 16].

Here, we describe the synthesis of histidine-containing
microspheres-embedded composite cryogel (HCMECC) columns
for selective and efficient depletion of HIgG from human serum.
2-Hydroxyethyl methacrylate (HEMA) is selected as the basic
component for microspheres and cryogel synthesis because of its
inertness, biocompatibility, mechanical strength, and chemical and

222 Gözde Baydemir and Mehmet Odabaşı



biological stability [17]. N-methacryloyl-L-histidine methyl ester
(MAH) is synthesized as a functional ligand for the interaction with
HIgG. Histidine-containing microspheres (HCM) with 2 μm size
are synthesized by suspension polymerization of poly(hydroxyethyl
methacrylate) and N-methacryloyl-L-histidine methyl ester. Then,
composite cryogel columns will be prepared by polymerization of
poly(hydroxyethyl methacrylate) (PHEMA) as monomer and N,
N0-methylene-bis(acrylamide) (MBAAm) as cross-linker in the
presence of HCM. Prepared composite cryogel columns
(HCMECC) are used for both immunoglobulin G (HIgG) adsorp-
tion from aqueous solution and affinity depletion of HIgG from
human serum via histidine groups on microspheres.

The composite cryogel column is characterized by scanning
electron microscopy (SEM), swelling tests, porosity measurement,
Fourier transform infrared spectroscopy (FTIR), and elemental
analysis.

2 Materials

Prepare all solutions in ultrapure water (deionized water purified to
obtain 18 MΩ cm at 25 �C, using analytical grade reagents). Store
all buffer solutions at +4 �C.

2.1 Chemicals 1. L-Histidine methyl ester.

2. Methacryloyl chloride.

3. Ethylene glycol dimethacrylate (EGDMA).

4. 2,2-azobisisobutyronitrile (AIBN).

5. 2-Hydroxyethylmethacrylate (HEMA).

6. N,N0-methylene-bis(acrylamide) (MBAAm).

7. N,N,N0,N0-tetramethylene diamine (TEMED).

8. 10 % ammonium persulfate (APS).

9. 10 mM NaOH solution.

10. 10 mM HCl solution.

11. Human Immunoglobulin G (HIgG).

2.2 Buffer 1. 20 mM, pH 4.0 acetate buffer. 18 mL of 20 mM NaOAc,
80 mL of 20 mM HOAc (pKa: 4.76 at 25 �C). Adjust pH to
4.0 and 5.0 (seeNote 1) with 10mMNaOH and 10mMHCl).
Make up the final volume to 100 mL with deionized H2O.

2. 20 mM, pH 7.0 phosphate buffer. Dissolve 0.028 g Na2HPO4

and 2.38 g NaH2PO4 (or 0.035 g K2HPO4 and 2.69 g
KH2PO4) in 900 mL of deionized H2O (pKa2: 7.2 at 25 �C).
Adjust pH to 6.0, 7.0 (see Note 2), and 8.0 (see Note 3) with
10 mMNaOH and 10 mMHCl). Make up the final volume to
900 mL with deionized H2O.
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3. 20 mM, pH 6.0 MES (2-(N-morpholino)ethanesulfonic acid)
buffer. Dissolve 3.9 g MES (free acid) in 900 mL of deionized
H2O (pKa: 6.1 at 25 �C). Adjust pH to 6.0 with 10 mM HCl.
Make up the final volume to 1 L with deionized H2O (adsorp-
tion working buffer for pH 6.0).

4. 20 mM pH 6.0 Tris–HCl buffer (pKa: 8.1 at 25 �C). Dissolve
1.2 g of Tris base in 400 mL of deionized H2O, adjust pH to
6.0 with 10 mM of HCl. Make up the final volume to 500 mL
with deionized H2O (adsorption working buffer for pH 6.0).

5. PBS buffer (phosphate-buffered saline, pH 7.4): Dissolve
7.19 g NaCl, 1.56 g KH2PO4, 6.74 g anhydrous Na2HPO4,
8.45 g Na2HPO4·2H2O, and 17.01 g Na2HPO4·12H2O in
1,000 mL of deionized water. The final concentrations are
123 mM sodium chloride, 11.5 mM potassium phosphate,
and 47.5 mM sodium phosphate.

6. Desorption buffer: Dissolve 29.22 g of NaCl in 500 mL of
phosphate buffer (0.1 M, pH 7.0).

2.3 HCMECC

Columns

2.3.1 N-Methacryloyl-L-

Histidine Methyl Ester

(MAH) Monomers

1. Dissolve 5.0 g of L-histidine methyl ester and 0.2 g of hydro-
quinone in 100 mL of dichloromethane solution and cool
down to 0 �C (mixture (1) (see Note 4).

2. Add 12.7 g of triethylamine and 5.0 mL of methacryloyl
chloride to the mixture (1) and stir it magnetically for 2 h to
complete chemical reaction.

3. At the end of the chemical reaction, extract unreacted metha-
cryloyl chloride with 10 % NaOH.

4. Evaporate the aqueous phase in a rotary evaporator.

5. Crystallize N-methacryloyl-L-histidine methyl ester (MAH)
monomers in ethyl acetate and ethanol mixture (50 %, v/v)
(see Note 5).

2.3.2 Histidine-

Containing Microspheres

(HCM)

1. Place a two-necked flask (500 mL) in water bath equipped with
mechanical stirrer, which consists a blade type stirrer (at room
temperature) (see Fig. 1).

2. Continuous phase: Dissolve 0.3 g poly(vinyl alcohol) (PVAL)
(stabilizing agent) in 65.0 mL water and mix well (seeNote 6).

3. Dispersion phase: Mix 2.0 mL of HEMA and 4.0 mL EGDMA
in a glass beaker. Add 30 mg of MAH to the mixture, and mix
for 10 min using a magnetic stirrer.

4. Pour the continuous phase to the two-necked flask, and add
the dispersion phase. Stir the mixture mechanically at 700 rpm
for 10 min.

5. Add 100 mg of AIBN into the reactor. Degas the final
polymerization solution under vacuum for about 5 min to
eliminate soluble oxygen. Purge the polymerization mixture
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by nitrogen gas for 10 min. Conduct temperature at 65 �C for
4 h and then rise the temperature to 90 �C for 1 h with a
constant stirring rate of 700 rpm (see Note 7).

6. Separate the microbeads from the polymerization medium by
filtration. Then, wash microbeads several times with ethanol–
water solution (30/70 v/v). Finally, wash microbeads several
times to remove the unreacted monomers and contaminations.
Repeat this step using only water.

7. Dry microspheres in a drying oven overnight. Sieve the dried
microsphere and separate 2 μm-sized microspheres to use in
further experiments (see Note 8).

2.3.3 HCMECC Column 1. Weigh 25, 50, 75, 100 mg of dry HCM, place them into four
Eppendorf tubes separately, include 1 mL deionized water,
allow these mixtures overnight to swell.

2. Dissolve 6.0 mmol HEMA and 1 mmol MBAAm in 15 mL
deionized water, mix in an ice-bath for 10 min. Divide mixture
to four aliquots in plastic syringes (5 mL, id. 0.8 cm) to prepare
four different HCMECC columns. Add the previously
prepared different amounts of HCM to plastic syringes
(see Note 9).

3. Purge the polymerization solutions with nitrogen gas for
10 min.

4. Initiate free radical polymerization by adding APS and
TEMED (seeNote 10) in an ice bath at 0 �C, and immediately
freeze at �12 �C for 24 h.

Fig. 1 Schematic representation of the polymerization system
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5. After 24 h, thaw HCMECC columns at room temperature.

6. Prepare the control PHEMA cryogels without HCM using the
same protocol.

7. Wash the columns with water several times using a peristaltic
pump.

8. Store prepared HCMECC columns (see Fig. 2) at +4 �C in
swelled form until use.

2.4 Characterization

of Cryogels

Do all measurements triplicate, and take average values.

2.4.1 Determination of

Water Absorption Capacity

1. Weigh dry HCMECC carefully and place it in a 40 mL vial
containing distilled water. Wait until no changing occurs in
swelling.

2. Take out the sample from the water, wipe it out using a filter
paper, and weigh again.

3. Record the weights of dry and wet samples and calculate the
swelling ratio of the HCMECC using the following equation,

Swelling Ratio %ð Þ ¼ W s �Woð Þ=Wo½ � � 100 ð1Þ
(see Note 11)

2.4.2 Determination of

the Total Pore Volume of

the Swollen HCMECC

Column

1. Place the HCMECC in a 40 mL vial containing distilled water,
and wait and observe until no changing occurs in swelling (It is
poised in a few second).

2. Take out the sample from the water, wipe it out using a filter
paper, and weigh (see Note 12).

Fig. 2 Illustration of the HCMECC column for HIgG
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3. Remove the water from the macropores of the HCMECC by
squeezing, weigh again, and calculate the porosity using the
following equation (see Fig. 3)

Porosity Degree ¼ mswollen gel �msqueezed gel

� �
=mswollen gel � 100

ð2Þ
(see Note 13).

2.4.3 Determination of

the Gelation Yield

1. Put a piece of swollen HCMECC sample into an oven at 60 �C
for drying. Record the constant mass of the dried sample
(mdried). Calculate the gelation yield as follows:

Gelation Yield ¼ mdried=mtð Þ � 100 ð3Þ
(see Note 14).

3 HIgG Adsorption Studies from Aqueous Solution

3.1 Effect of pH on

HIgG Adsorption Onto

the HCMECC Column

In this section, adsorption experiments are performed to observe
maximum adsorption pH with different buffers mentioned in
Subheading 2.2. Here, we describe the work with pH 4.0 acetate
buffer only. In order to investigate the effect of the other buffers
(e.g., pH 5.0 acetate, pH 6.0, 7.0, 8.0 phosphate, pH 6.0 MES,
and pH 6.0 Tris–HCl buffers) on adsorption, use the same proto-
cols as mentioned below changing buffer solutions only.

1. Dissolve 25.0 mg HIgG in 25 mL of pH 4.0 acetate buffer to
obtain 1.0 mg/mL HIgG solution. Determine initial concen-
tration of HIgG by the Bradford method (see Note 15).

2. Connect the HCMECC column to a recirculation system using
a peristaltic pump, and wash the system by using the pH 4.0
acetate buffer for the first pH investigation at a flow rate of
1.0 mL/min (25 mL).

Fig. 3 Squeezing of the cryogels
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3. Pump HIgG solution prepared in pH 4.0 acetate buffer
though the column at a flow rate of 1.0 mL/min. After protein
solution was completed, determine final solution as expressed
previously.

4. For determination of nonspecifically bounded protein, wash
the column recirculating 25 mL of pH 4.0 acetate buffer at a
flow rate of 1.0 mL/min. After washing, determine nonspecifi-
cally bounded protein using the Bradford method.

5. Subtract amount of nonspecifically bounded protein from the
amount of bounded protein on HCMECC to determine the
amount of adsorbed protein (see Note 16).

6. In order to perform elution of HIgG from the HCMECC
columns, recirculate 25 mL of desorption buffer at a flow rate
of 1.0 mL/min, and determine eluted protein using the Brad-
ford method.

7. Repeat this set for pH 5.0 acetate, pH 6.0, 7.0, 8.0 phosphate,
pH 6.0 MES, and pH 6.0 Tris–HCl buffers.

3.2 Effect of Buffer

Type on HIgG

Adsorption onto the

HCMECC Column

After the determination of optimum pH for adsorption (see Note
17), you can investigate optimum buffer type for the adsorption as
well. Here, the effects of three different buffer types (20 mMMES,
20 mM phosphate, and 20 mMTris–HCl) at pH 6.0 are studied for
HIgG adsorption onto the HCMECC column (see Note 18).
For this, use the same procedure as in Subheading 3.1 step by
step. Repeat this procedure by changing only the type of buffer
system (i.e., 20 mM MES, 20 mM phosphate, and 20 mM
Tris–HCl) at pH 6.0.

3.3 Effect of Flow

Rate on HIgG

Adsorption onto the

HCMECC Column

Use the same procedure in Subheading 3.1 step by step, by chang-
ing only flow rates to 1.0, 1.5, 2.0, and 3.0 mL/min (seeNote 19).

3.4 Effect of

Embedded

Microsphere Amount

As described in Subheading 2.3.3, different HCMEC columns
prepared by different amounts of embedded microspheres (25,
50, 75, and 100 mg) were used for HIgG adsorption. Use the
same procedure as in Subheading 3.1 step by step. Repeat this
procedure by changing the amounts of the embedded microspheres
in 20 mM Tris–HCl buffer (pH 6.0) only.

3.5 Desorption and

Reusability Studies

Desorption and reusability of a column in chromatographic studies
is an important point. For this section,

1. Pass 25 mL of desorption buffer through the column at a flow
rate of 1 mL/min.
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2. Determine the final HIgG concentration in desorption
medium by the Bradford method. Calculate desorption ratio
from the amount of adsorbed and desorbed HIgG as follows.

Desorption ratio %ð Þ ¼ Amount of HIgG desorbed to the elution medium

Amount of HIgG adsorbed on the column
� 100

ð4Þ
3. After a few adsorption–desorption cycles, sterilize the column

for reusing (see Note 20).

Repeat each set of experiments three times to determine mean
values and their standard deviations by the standard statistical
method. Calculate the confidence intervals of 95 % for each set of
data in order to determine the margin of error.

3.6 HIgG Depletion

Studies from Human

Serum

HCMEC column was used for HIgG depletion from human
serum. The blood is collected from thoroughly controlled volun-
tary blood donors. Each unit is controlled separately and found
negative for hepatitis B-specific antigen, HIV I, II and hepatitis C
antibodies. No preservative is added to the samples.

1. Centrifuge blood sample at 3,000 � g for 3 min at room
temperature to separate the serum. Filter it using 0.45 μm
cellulose acetate microspin filters.

2. Dilute the serum using phosphate buffer saline (PBS) with
dilution rations of 1:2 and 1:5.

3. Equilibrate the HCMECC column by passing four column
volumes of PBS before loading of the serum.

4. Load 15 mL of the freshly diluted serum onto the HCMECC
column.

5. Calculate the amount of HIgG adsorbed onto the HCMECC
column by measuring the initial and final concentration of
HIgG in serum with globuline assay kit.

4 Notes

1. For preparing pH 5.0 buffer, take 50 mL of pH 4.0 buffer to an
Erlenmeyer flask and adjust pH to 5.0 with 10 mM NaOH
solution by using a pH meter.

2. For preparing pH 6.0 buffer, take 50 mL of pH 7.0 buffer to an
Erlenmeyer flask and adjust pH to 6.0 with 10 mM HCl
solution by using a pH meter.

3. For preparing pH 8.0 buffer, take 50 mL of pH 7.0 buffer to an
Erlenmeyer flask and adjust pH to 8.0 with 10 mM NaOH
solution by using a pH meter.
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4. Here, hydroquinone is used as a reducing agent to protect
methacryloyl chloride molecules from radical attacks which
occurred during the production of MAH.

5. It gives the best result to dissolveMAH in a mixture of the same
ratio of ethyl acetate and ethanol solutions.

6. If there is a problem to dissolve PVA, heat water in a beaker to
about 50 �C on a hot plate with magnetic stirrer and sprinkle
PVA slowly into water. Continue to stir until all PVA will be
dissolved.

7. We find that 700 rpm is best to prepare 2 μm-sized histidine-
containing microspheres.

8. Here, we used Tyler Standard Sieves to separate 2 μm-sized
microspheres.

9. The total monomer amount in water should not be more than
10 % (g/g).

10. We find the optimal amounts of TEMED and APS as 1.2 % and
1.0 % of the total weight of monomers, respectively.

11. Wo and Ws are the weights of HCMECC before and after
water uptake in gram, respectively.

12. Do not squeeze column. Wipe out surface water of it, only.

13. mswollen gel, and msqueezed gel are the weights of swollen and
squeezing HCMECC in gram, respectively.

14. mt is the total mass of the monomers in the polymerization
mixture in gram.

15. Dissolve 100 mg Coomassie Blue G250 in 50 mL of 95 %
ethanol and mix this solution with 100 mL of 85 % phosphoric
acid and dilute to 1 L with water. Filter the reagent through
filter paper. Store it in an amber bottle at room temperature. It
is stable for several weeks. During this time if the dye precipi-
tates, filter the solution before use. (You can use the other
protein determination methods, as well.)

16. Q ¼ [Co�(Cf + Cnb)] � V/m, Q is adsorbed protein (mg
protein/g polymer), Co, Cf, Cnb are initial, final and non-
bounded protein concentration (mg/mL), respectively, and V
is volume of solutions (e.g. 25 mL, here), m is the mass of dried
HCMEC column in unit of g.

17. After the determining of maximum adsorption pH, use this pH
for the other adsorption studies (e.g., investigation buffer type,
flow rate, etc.).

18. In this stage, we obtained themaximumHIgG adsorption onto
the HCMECC column by using 20 mM Tris–HCl buffer.

19. After the determining pH and buffer at which maximum
adsorption occurs, use these parameters for the other
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adsorption studies (e.g., flow rates, embedded microsphere
amount, etc.).

20. In order to sterilize the column for reusing, pass 25 mL of
50 mMNaOH through column. Wash the column after sterili-
zation with 25 mL of distilled water, and store it at +4 �C until
the next use.
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Chapter 19

Molecularly Imprinted Cryogels for Human Serum
Albumin Depletion

Muge Andac, Igor Yu Galaev, Handan Yavuz, and Adil Denizli

Abstract

Molecularly imprinted polymers can be used for the selective capture of a target molecule from complex
medium. Cryogels novel matrices, which characterized by their supermacropores that makes their use
advantageous when studying with biological samples. By combining high selectivity of the molecular
imprinting approach with using cryogel as a base polymer, in this protocol, preparation of the albumin-
imprinted cryogels is described. This material is a useful candidate for the selective albumin depletion from
the human serum sample prior to the detailed proteomic analysis.

Key words Albumin depletion, Molecular imprinting, Protein imprinting, Cryogel

1 Introduction

Human Genome Project has started a new age in the life sciences.
Researches on proteins to further understand their biological func-
tions increased exponentially. Proteomic technologies are used to
elucidate organization, diversity, and dynamic state of a cell or
whole tissue. However, efficient, accurate, and complete analysis
of clinical samples possesses a variety of technical challenges in
proteomic studies. Because it comprises nearly 60 % of the total
proteins, albumin may mask the low abundant and clinically impor-
tant proteins, which undergo a post-translational modification or
change in concentration as a result of a biological process or a
disease [1]. High amount of albumin prevents detection of these
proteins in 2D gel electrophoresis (2DE) by forming expansive
spots [2]. In addition, in the LC–MS/MS analysis of serum sam-
ples, albumin affects the results by its interfering signals [3]. There
are increasing studies that report removal of high abundant albu-
min prior to 2DE and LC–MS/MS analysis of serum samples.
This results in increase in the number of spots in 2DE and in
the resolution of clinically important proteins, which are possible
disease biomarkers. Several methods have been proposed to remove
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high abundant proteins to facilitate detection of other proteins.
Precipitation with organic solvents [4], depletion by affinity
dye-based methods [5–7], immunoaffinity extraction [8], affinity
removal by immobilized phage-derived peptides [9], immobilized
metal affinity adsorbents [10, 11], and pseudospecific adsorbents
[12] are commonly used general methods.

Molecularly imprinted polymers (MIPs) have specific recogni-
tion sites that are complementary in shape and interaction sites with
the template molecule. They have been developed for the selective
removal of a target molecule out of a complex medium [13]. When
compared with the bioaffinity adsorbents, they are much cheaper
and more stable at harsh conditions and easy to prepare. Due to
such advantages and excellent selectivity for the target molecule,
recently, MIPs are prepared and used for a variety of separation
purposes [14–19].

However, there is a relatively small amount of literature on the
imprinting of proteins. Relatively big molecular size, complexity,
conformational flexibility, and solubility properties of proteins
make their imprinting difficult [20]. Cryogel materials, which are
prepared under the freezing point of diluents, are promising candi-
dates for protein imprinting with their two important properties.
First, cryogels can be prepared by using water-soluble monomers in
aqueous media; solid crystals of water molecules create
interconnected supermacropores in the cryogel structure. Second,
the polymerization temperature of �12 to �20 �C restricts molec-
ular motions in proteins to be imprinted and allows their imprint-
ing more easily and specifically, without denaturing them [21–26].
Other important criteria for the selection of cryogel matrices when
studying with biological samples are their large pores, low-pressure
drop, short diffusion path, and very short residence times in
column.

Combination of the high selectivity of MIPs and the advantages
of cryogels for the albumin depletion from human plasma thus
seems a rational approach. Herein, the synthesis of a human
serum albumin (HSA)-imprinted cryogel that can be used for the
albumin depletion from human serum prior to detailed proteomic
analysis is described.

2 Materials

Wash all glassware with dilute nitric acid before use. Purified
deionized water with a specific conductivity of 18 MΩ cm
(25 �C) is used. Prepare and store all buffer and sample solutions
at room temperature. Filter buffer and sample solutions through a
0.2 μm membrane.
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2.1 Functional

Monomer

N-Methacryloyl-L-

Phenylalanine (MAPA)

1. 5.0 g L-phenylalanine.

2. 0.2 g NaNO2.

3. 5 % (w/v) K2CO3 solution (see Note 1).

4. 4 mL methacryloyl chloride.

5. Ethyl acetate.

6. Ether.

7. Cyclohexane.

2.2 HAS-Imprinted

Poly(HEMA-MAPA)

Cryogel

1. 1 mM HSA solution.

2. 1 mM MAPA solution.

3. 6 mmol hydroxyethyl methacrylate (HEMA).

4. 1 mmol methylene bis-acrylamide (MBAAm).

5. Ammonium persulfate (APS).

6. N,N,N,N,-tetra-methyl-ethylenediamine (TEMED).

7. Plastic syringes.

8. 10 % Ethylene glycol in 0.1 M acetate buffer (pH 4.0).

9. 50 mM NaOH.

2.3 Desorption and

Reuse Components

1. 10 % Ethylene glycol in 0.1 M acetate buffer (pH 4.0).

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 N-Methacryloyl-

(L)-Phenylalanine

(MAPA)

1. Weigh 5.0 g of L-phenylalanine and 0.2 g of NaNO2, dissolve
in 30 mL of 5 % K2CO3 aqueous solution (w/v), put in a glass
beaker and cool down to 0 �C.

2. Pour 4.0 mL of methacryloyl chloride into this solution and
magnetically stir at 100 rpm for 2 h at room temperature.

3. Adjust solution pH to 7.0 (see Note 2).

4. Extract unreacted methacryloyl chloride with ethyl acetate.

5. Evaporate aqueous phase in a rotary evaporator.

6. Crystallize the MAPA residue in an ether–cyclohexane mixture.

3.2 HSA-Imprinted

Poly(HEMA-MAPA)

Cryogel

1. Prepare solution A by adding 1 mM MAPA solution to a
0.1 mM HSA solution in 10 mM phosphate buffer (pH 6.0)
(see Notes 3 and 4).

2. Prepare solution B by dissolving 6 mmol HEMA and 1 mmol
MBAAm in deionized water (see Note 5).
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3. Mix solution A and solution B (see Note 6).

4. Add APS and TEMED in an ice bath at 0 �C (see Note 7).

5. Pour this mixture to plastic syringes with closed outlet and
freeze at �12 �C for 16 h (see Note 8).

3.3 Removal of the

Template from

Cryogels

1. Wash thawed cryogels with 200 mL of water.

2. Remove template with 10 % ethylene glycol in 0.1 M acetate
buffer (pH 4.0) (see Note 9).

3. Sterilize the cryogel with 50 mM NaOH and store in a buffer
containing 0.02 % sodium azide (NaN3) at 4

�C until use.

4 Notes

1. Prepare all solutions in water unless otherwise indicated.

2. Adjust pH with HCl and NaOH.

3. Total volume of the solution A should be 1 mL.

4. Incubate this mixture for 3 h at room temperature for the
formation of a stable complex between functional monomer
MAPA and HSA molecules.

5. Total monomer concentration in water should be 10 %.

6. Final monomer mixture should be degassed under vacuum for
at least 5 min to eliminate soluble oxygen.

7. The initiator should be 1 % (w/v) of the total monomers.

8. 4 mL plastic syringes with a 10 mm i.d. were used.

9. The solution should be pumped through the cryogel at least
2 h and this procedure should be repeated until no HSA
leakage was observed from the cryogel.
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Chapter 20

Interpenetrating Polymer Network Composite Cryogels
with Tailored Porous Morphology and Sorption Properties

Ecaterina Stela Dragan and Maria Valentina Dinu

Abstract

Cryogels, by their particular morphology and mechanical properties, proved to be invaluable materials in
biomedicine and biotechnology as carriers for molecules and cells, chromatographic materials for cell
separations and cell culture. Methods used in the characterization of porosity and sorption properties of
cryogels are very needful tools, which assist the investigator in the decision on the performances of the gel.
Herein, we describe the preparation of ionic interpenetrating polymer network composite cryogels and the
characterization methods of their porous morphology, and then the methods used for testing their sorption
properties for ionic dyes used as models for drugs.

Key words Chitosan, Potato starch, Polyacrylamide, Cryogel, Methylene blue, Sorption

1 Introduction

Synthesis of multicomponent hydrogels as semi- or full-
interpenetrating polymer networks (IPN) constitutes an efficient
method of improving mechanical strength, response rate, and dif-
fusion of solutes in these valuable materials [1–4]. Beside the IPN
strategy, designing porous hydrogels with controlled morphology
and increased level of spatial organization and functionalities, and a
faster response rate at small changes of the external stimuli than the
conventional hydrogels attracted a considerable interest in the last
decade. Porous hydrogels have more benefits than conventional
hydrogels when they are used as chromatographic materials [5],
controlled delivery devices for drugs and proteins [6, 7], matrices
for the immobilization and separation of molecules and cells [8, 9],
and scaffolds for regeneration of a wide variety of tissues and organs
[10, 11]. Various methods have been used to achieve porous
hydrogels: cross-linking polymerization in the presence of a pore-
forming agent, porogen leaching, cross-linking in the presence of
substances releasing porogen gases, lyophilization of the hydrogel
swollen in water, and ice-templating process (cryogelation)
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[5, 8–11]. By cryogelation, the cross-linking polymerization
reactions are conducted below the freezing point of the reaction
solutions, when the most part of the solvent (water) forms
crystals, the bound water and the soluble substances (monomers,
initiator, polymers) being concentrated in a non-frozen liquid
microphase, where the gel is formed. Advantages of cryogelation
in the preparation of hydrogels consist of the absence of any organic
porogen, the ice crystals playing the role of inert template [5, 8,
12–14]. Cryogels, by their interconnected pore structure, allow the
unhindered diffusion of solutes or even colloidal particles, making
them very attractive in biomedicine and biotechnology including
chromatographic materials, carriers for the immobilization of
molecules and cells, matrices for cell separations, and cell culture
[15–17]. In addition to the interconnected macroporous structure,
cryogels possess a tissue-like elasticity, and can withstand high levels
of deformations, being also characterized by superfast responsive-
ness at water adsorption. Ionic cryogels have potential applications
in controlled delivery of drugs and proteins, separation of small
ionic species, and bioseparations [18–20]. Cryogels are considered
as novel generation of stationary phases in chromatography due to
their excellent flow properties and high performances in separation
of biomolecules [5, 9, 15, 17]. Separation by affinity chromatogra-
phy is based on highly specific and reversible interactions between
ligand molecules bound on the solid matrix and the target molecule
in solution. Among the various techniques derived from affinity
chromatography, dye affinity chromatography plays an important
role in the separation, purification and recovery of proteins, several
groups of dyes being coupled to supermacroporous monolithic
cryogels [21, 22]. Composite ionic IPN cryogels based on poly-
acrylamide (PAAm) and two polysaccharides, chitosan (CS) and
potato starch (PS), have been tested as novel sorbents for ionic
dyes used as models for drugs [23–25]. By their accessibility, bio-
compatibility, and biodegradability, PAAm hydrogels constitute
one of the most investigated matrix in the preparation of semi-
IPN hydrogels, achieved by cross-linking polymerization of acryl-
amide in the presence of synthetic or natural polymers. These
hydrogels have numerous applications, such as drug delivery sys-
tems [26, 27], soil conditioners, and wastewaters remediation.
Chitosan (CS) is the only linear cationic semi-synthetic polysaccha-
ride composed of β-(1-4) linked-2-amino-2-deoxy-D-glucopyra-
nose and β-(1-4)-2-acetamido-2-deoxy-D-glucopyranose units,
obtained by deacetylation of its parent natural polymer chitin. By
its outstanding properties, such as gel and film forming ability,
bioadhesion, biodegradability and biocompatibility, chitosan has
received a great deal of attention in the pharmaceutical field [28].
Due to the high content of amino and hydroxyl functional groups,
CS has also drawn attention as a sorbent showing high potential for
the adsorption of proteins, dyes, and metal ions [25, 29, 30].
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Native and modified starches have been also used as row materials
in the preparation of novel sorbents such as composite IPN hydro-
gels [31–33].

2 Materials

2.1 Semi- and

Full-Cryogels

Use ultrapure water (resistivity of 18 MΩ cm at 25 �C) if not
otherwise specified. Follow all waste disposal regulations when
disposing waste materials.

1. Acetic acid aqueous solution: 1 % (v/v). Measure with a pipette
1 mL glacial acetic acid and add to a 100 mL flask half filled
with distilled water; mixing, then diluting to 100 mL.

2. Chitosan solution: 1 % (w/v). Weigh 1 g of CS powder and
transfer to a 100 mL flask containing about 60 mL of 1 % (v/v)
acetic acid aqueous solution (see Note 1) and mix moderately
for 24 h using a magnetic stirrer. Make up to 100 mL with 1 %
(v/v) acetic acid aqueous solution.

3. Gelatinized Potato Starch solution: 1 % (w/v). Weigh 1 g of PS,
and transfer to a 100 mL flask containing about 60 mL double-
distilled water, heat the PS dispersion up to 85 �C for about
30 min, cool at room temperature, and make up to 100 mL
with double-distilled water.

4. 0.02 M Ce(SO4)2-solution: Weigh 0.66 g Ce(SO4)2 and trans-
fer to a 100 mL flask. Make up to 100 mL with 0.4 M H2SO4.

5. PS grafted with polyacrylonitrile (PAN) (PS-g-PAN) (see
Note 2): Weigh 5 g of PS and add into a 250 mL three-necked
round-bottom flask equipped with stirrer, condenser, and
nitrogen gas-inlet. Add 65 mL double-distilled water, and
heat at 85 �C in a thermostatic water bath, under stirring, for
30 min. Cool at 27 �C, and add 6.2 mL acrylonitrile (AN) (see
Note 3); mix, then add 25 mL 0.02 M Ce(SO4)2 in 0.4 M
H2SO4 under stirring; keep under stirring at room temperature
for 60 min and for 24 h without stirring. Separate the grafted
(PS-g-PAN) and non-grafted fraction of PS adding there por-
tions of methanol: add each time 80mLmethanol, mix 30 min,
and filtrate the precipitate. Let the PS-g-PAN in niche under
ventilation to loose methanol and put the precipitate (PS-g-
PAN) in the vacuum oven at 40 �C, for 24 h.

6. Polyanion derived from PS-g-PAN (PA) (see Note 4): Weigh
1 g of PS-g-PAN and transfer it into a round-bottom flask of
50 mL equipped with stirrer and condenser; add 15 mL 2.5 M
NaOH under stirring and heat at 88 �C in a thermostatic water
bath for 10 h until a homogeneous solution of PA is being
obtained. Purify the PA solution by dialysis against water until
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neutral pH is reached; recover the PA by freeze-drying,
for 24 h.

7. PA solution: 1 % (w/v). Weigh 1 g of PA, and transfer to a
100 mL flask containing about 60 mL double-distilled water,
and mix moderately for 24 h using a magnetic stirrer. Make up
to 100 mL with double-distilled water.

8. Stock solution of N,N-methylenebisacrylamide (BAAm) (see
Note 5): Weigh 0.64 g BAAm and dissolve in 25 mL of
double-distilled water, at 30 �C, under magnetic stirring.

9. Stock solution of ammonium persulfate (APS): Weigh 0.2 g of
APS and transfer to a 25 mL flask half filled with double-
distilled water; mix, then dilute to 25 mL (see Note 6).

10. Stock solution of N,N,N0,N0-tetramethylethylenediamine
(TEMED): Measure with a pipette 0.625 mL of TEMED and
transfer to a 25 mL flask half filled with double-distilled water;
mix, then dilute to 25 mL. Store at 4 �C (see Note 7).

11. 2 M NaOH solution: Dissolve 8 g NaOH in 100 mL of
distilled water.

12. Epichlorohydrin (ECH) solution: Measure 0.6 mL ECH
and transfer into 60 mL aqueous solution of 2 M NaOH (see
Note 8).

2.2 Sorption/

Desorption

Experiments

1. Methylene blue (MB) from Sigma–Aldrich was used without
purification.

2. Methylene blue (MB) solutions for sorption isotherms: Prepare
first a concentrated MB solution (4 � 10�3 mol/L or
1,279.4 mg/L) by dissolving 1.279 g MB in 1,000 mL dis-
tilled water. Then prepare a series of MB solutions (at least six
concentrations) having lower concentrations by simple
dilution.

3. MB solution for sorption kinetics: 2 � 10�5 mol/L or
6.4 mg/L. Measure 0.5 mL of 4 � 10�3 mol/L MB solution
and dilute to 100 mL.

4. 0.1 M HCl and 0.1 M NaOH solution for desorption of MB
from the gel after one cycle of sorption.

5. 0.1 M HCl solution: Measure 9.86 mL of conc. HCl (37 %)
and dilute to 1,000 mL with distilled water.

6. 0.1 M NaOH solution: Weigh 4 g of NaOH and solve in
1,000 mL with distilled water.
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3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Preparation of

Semi-IPN PAAm/CS

Cryogels

1. Perform the free radical cross-linking copolymerization of
AAm in the presence of CS, in aqueous medium, at �18 �C.

2. Keep the initial concentration of monomers (AAm + BAAm),
Co (5 % (w/v)), and the concentration of APS (1.6 % (w/w)
and TEMED (1.92 % (w/w)) constant in all experiments.

3. The synthesis protocol for sample with 1/40 cross-linker ratio:
Weigh 0.4742 g AAm (seeNote 9) and transfer to a 10 mL flask
which contains 6.3 g aqueous solution of CS (1 % (w/v)). Add
0.7 mL double-distilled water, 1 mL aqueous solution of
BAAm, and 1 mL aqueous solution of TEMED. Cool the
mixed solution at 0 �C in ice–water bath, purge with nitrogen
gas for 20 min and then, add 1 mL of APS stock aqueous
solution and further stir the whole mixture about 20 s. Transfer
portions of this mixture, each 1 mL, into syringes of 5 mm in
diameter (see Note 10). Seal the syringe cut end with parafilm,
and keep them at �18 �C for 1 day.

4. After polymerization, cut the gels into pieces of about 10 mm,
and immerse them in distilled water for 48 h to wash out any
soluble polymers, unreacted monomers, and the initiator (see
Note 11).

5. Before using in sorption experiments, freeze dry the swollen gel
samples for 24 h, at �57 �C and 0.045 mbar.

3.2 Full-IPN PAAm/

CS Cryogels

1. For the preparation of full-IPN cryogels by the sequential
strategy, immerse the just synthesized semi-IPN PAAm/CS
gels, cut into pieces of about 10 mm, into a flask containing
0.6 mL ECH in 60 mL aqueous solution of 0.1 M NaOH, and
keep them at 22 �C for 24 h, and at 37 �C for 2 h.

2. Separate the gel pieces from the basic medium and intensively
wash them with distilled water up to neutral pH.

3. Freeze-dry the swollen gels in the same conditions like the
semi-IPN cryogels, before using for sorption experiments.

3.3 Semi-IPN PAAm/

PS or PAAm/PA

Cryogels

1. Perform the free radical cross-linking copolymerization of
AAm in the presence of PS or PA, in aqueous medium, at
�18 �C.

2. Keep the initial concentration of monomers (AAm + BAAm),
Co (5 % (w/v)), and the concentration of APS (1.6 % (w/w))
and TEMED (1.92 % (w/w)) constant in all experiments.
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3. The synthesis protocol for sample with 1/40 cross-linker ratio:
Weigh 0.4742 g AAm (seeNote 9) and transfer to a 10 mL flask
which contain 7 mL solution of PS or PA (1 % (w/v)). Add
1mL aqueous solution of BAAm and 1mL aqueous solution of
TEMED. The next steps are similar to those used for the semi-
IPN PAAm/CS cryogels (see Subheading 3.1).

4. Controlled hydrolysis of semi-IPN PAAm/PS and PAAm/PA
cryogels: add 10 mL 0.5 M NaOH solution to 0.01 g cryogel,
at room temperature, and keep without stirring for 3 h at 25 �C
[24, 33]. Wash at neutral pH and freeze dry the swollen gels in
the same conditions like the semi-IPN cryogels, before using
for sorption experiments.

3.4 Evaluation of

Cryogels Porosity

3.4.1 Evaluation of

Swollen-State Porosity

The swollen-state porosity of the networks, Ps (%), represents the
percentage of spaces or voids (pores) within a solid material in
swollen state [12–14, 34].

1. Measure the weight (mdry) by an electronic balance and the
diameter (Ddry) by a calibrated digital compass of a dried
cylindrical gel sample (see Note 12).

2. Immerse and equilibrate the completely dried gel samples in
double-distilled water at 25 �C for 24 h.

3. Measure the weight by an electronic balance (mw) and the
diameter by a calibrated digital compass (Dw) of the swollen
gels at equilibrium (see Note 13).

4. Calculate the equilibrium volume (qv) and the equilibrium
weight swelling ratios (qw) of the cryogels, using Eqs. 1 and 2:

qv ¼
Dw

Ddry

� �3

ð1Þ

qw ¼ mw

mdry
ð2Þ

5. Estimate the specific density of cryogels in n-heptane [13].
Weigh about 0.5 g gel sample (m1), in a 25 mL flask, and
note also the weight of the flask with the gel sample inside
(m2). Add 15 mL of n-heptane on the gel sample and immerse
the flask in a thermostatic oil bath and boil for 1 h. After
boiling, the flask with the gel sample should be kept 20 min
at 20 �C, and then make up to 25 mL with n-heptane. Finally,
weigh the flask with the gel sample and n-heptane (m3).
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6. Calculate the specific density of the gel sample using Eq. 3 [13]:

d2 ¼ m1

V � m3 �m2ð Þ=dh½ � ð3Þ

where dh is the density of n-heptane (equal to 0.6795 g mL�1)
and V is the volume of the flask (equal to 25 mL).

7. Calculate the swollen-state porosity, Ps (%), using Eq. 4
[12–14, 34]:

P s ¼ 1� qv 1þ qw � 1ð Þd2

d1

� ��1
" #

� 100 ð4Þ

where d1 is the density of water at 20 �C (equal to
0.9982 g mL�1).

3.4.2 Evaluation of Dry-

State Porosity

1. Measure the weight (mdry) by an electronic balance and the
diameter (Ddry) and the length (ldry) by a calibrated digital
compass of a dried cylindrical gel sample (see Note 12).

2. Calculate the volume of the dried gel sample (Vdry) according
to Eq. 5, which corresponds to a perfect cylindrical shape:

V dry ¼
πD2

dryldry

4
ð5Þ

3. Calculate the density of the dried gel sample (d0) according to
Eq. 6:

d0 ¼ mdry

V dry
ð6Þ

4. Calculate the dry-state porosity, P (%), as follows [12–14, 34]:

P ¼ 1� d0

d2

� �
� 100 ð7Þ

3.4.3 Evaluation of Pore

Volume

The pore volume of the networks, Vp, represents mL pores in 1 g of
dry polymer network, and could be estimated through uptake of
cyclohexane in dry gels. Since cyclohexane is a non-solvent for
PAAm, CS and PS, it only enters into the pores of the polymer
networks [12, 13].

1. Measure the weight (mdry) by an electronic balance of a dried
cylindrical gel sample.

2. Immerse and equilibrate the completely dried gel samples in
cyclohexane at 25 �C, for 48 h.
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3. Measure the weight by an electronic balance (mCH) of the
network immersed in cyclohexane (see Note 13).

4. Calculate the pore volume of the networks, PV, by Eq. 8:

PV ¼ mCH �mdry

� �
dCHmdry

ð8Þ

where dCH is the density of cyclohexane (equal to
0.7781 g mL�1).

3.5 Sorption

Experiments

3.5.1 Sorption Kinetics

1. Use batch equilibrium procedure to follow the amount of
the dye bound on the cryogels at different contact times
(see Note 14).

2. Keep constant in all sorption kinetics experiments the initial
concentration of dye, the pH and the volume of the dye solu-
tion, the mass of the sorbent, and the temperature.

3. Weigh 0.01 g of dried cryogel (W) in a flask and equilibrate it
with 10 mL of distilled water for 24 h, at 25 �C.

4. Transfer the swollen cryogel into clean and dry flask and
contact it with 10 mL of aqueous solution of the dye (V)
with concentration of 6.4 mg/L (Co), at 25

�C (see Notes 15
and 16).

5. After different intervals of contact time, filter off the cryogels
and measure by the UV–Vis spectroscopy, at 665 nm, the
residual concentration of the dye remained in the filtrate (Ct).

6. Calculate the amount of the dye bound on the cryogels (qt)
with Eq. 9, in mg dye/g cryogel.

qt ¼
C0 � Ctð ÞV

W
ð9Þ

7. Represent graphically the amount of the dye bound on the
cryogels (qt), as a function of contact time (t) and establish
the time necessary to achieve the equilibrium sorption of MB at
25 �C for the gels.

8. Investigate the sorption controlling mechanism of cryogels
against ionic dyes using kinetic models to fit the experimental
data. The mostly used kinetic models are the pseudo-first
order model (PFO), the pseudo-second order model (PSO),
and the intra-particle diffusion model by Weber and Morris [3,
4, 23, 24].

9. Calculate the constants corresponding to the kinetic models
with non-linear regression method using an OriginPro 8.0
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software by applying Eq. 10 for PFO, Eq. 11 for PSO, and
Eq. 12 for the intra-particle diffusion model (see Note 17).

qt ¼ qe 1� e�k1t
� � ð10Þ

qt ¼
k2q

2
e t

1þ k2qet
ð11Þ

qt ¼ kid � t0:5 þ Ci ð12Þ

where qe is the amount of dye sorbed at equilibrium (mg/g), k1
is the rate constant of the PFO kinetic model (min�1), k2 is the
rate constant of PSO kinetic model (g mg�1 min�1), kid is the
intraparticle diffusion rate constant (g mg�1 min�0.5), andCi is
a constant that gives an idea about the effect of boundary layer
thickness, which means the larger the intercept, the greater the
contribution of the film diffusion in the rate-limiting step [3, 4,
23, 24].

3.5.2 Sorption Isotherms 1. Use batch equilibrium procedure to follow the amount of the
dye bound on the cryogels at equilibrium as a function of the
initial dye concentration.

2. Keep constant the contact time, the initial pH of the dye
solution, the volume of the dye solution, the mass of the
sorbent, and the temperature in all equilibrium sorption
experiments.

3. Weigh in 12 flasks the same amount of dried cryogel (W ¼
0.01 g) and equilibrate them with 10 mL of distilled water for
24 h, at 25 �C.

4. Filter off the swollen cryogels into clean and dry flasks and
contact them with 10 mL of aqueous solution of the dye (V)
ranging from 6.4 mg/L up to 1,279.4 mg/L (Co), at 25

�C
(see Notes 15, 16 and 18).

5. After a certain contact time (seeNote 19), filter off the cryogels
and measure by the UV–Vis spectroscopy at 665 nm the resid-
ual concentrations of the dye remained in each filtrate (Ce).

6. Calculate the amount of the dye bound on the cryogels at
equilibrium with Eq. 13, in mg dye/g cryogel.

qe ¼
C0 � Ceð ÞV

W
ð13Þ

7. Design the sorption isotherm by plotting qe (mg/g) as a function
of the dye concentration in solution at equilibrium (Ce, mg/L).
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Two typesof isotherms arepresented inFig. 1,whichdescribe the
sorption of MB onto PAAm/PA60 cryogel (Fig. 1a), and onto
PAAm/PA60 cryogel after the controlled hydrolysis (PAAm/
PA60.H). “L” isotherm (Fig. 1a) shows the ratio between the
concentration of the dye remained in solution (Ce) and that
adsorbed onto the cryogel (qe) is a concave curve. Figure 1b
shows an “H” isotherm, where the initial slope of the curve is
very high, characterize the sorption of MB onto the PAAm/
PA60.H cryogel, and illustrate a very high affinity between the
dye and the gel.

8. Describe the relationship between the amount of MB sorbed
onto cryogels and the dye concentrations at equilibrium by
some sorption isotherm models (e.g., Langmuir, Freundlich,
and Sips isotherm models) [3, 4, 23, 24].

Fig. 1 Equilibrium adsorption isotherms of MB onto PAAm/PA60 (a) and PAAm/
PA60.H (b) composite cryogels, at 25 �C
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9. Calculate the constants corresponding to the isotherm models
with non-linear regression method using a software for scien-
tific graphing and data analysis by applying Eq. 14 for Lang-
muir model, Eq. 15 for Freundlich model, and Eq. 16 for Sips
model (see Note 17).

qe ¼
qmKLCe

1þKLCe
ð14Þ

qe ¼ KFC
N
e ð15Þ

qe ¼
qmaSC

N
e

1þ aSC
N
e

ð16Þ

where qm is the saturated monolayer sorption capacity (mg/g);
KL is the Langmuir constant (L/mg) related to the energy of
adsorption, which reflects the affinity between the sorbent and
sorbate; KF, Freundlich constant, which predicts the quantity
of dye per gram of composite at the equilibrium concentration;
N, a measure of the nature and strength of the sorption process
and of the distribution of active sites; aS is the Sips constant
related to energy of sorption.

3.5.3 Desorption

Experiments

1. Use batch mode to carry out the desorption experiments on
the dye-loaded cryogels.

2. Place the dye-loaded cryogels into clean and dry flasks and
contact them with 10 mL of aqueous solution of 0.1 M HCl
for 1 h.

3. Remove the filtrate and wash the cryogel samples with distilled
water 2–3 times, and then contact them with 10 mL of aqueous
solution of 0.1 M NaOH for 1 h.

4. Remove the filtrate and wash the cryogels at neutral pH (see
Note 20).

4 Notes

1. Having acetic acid at the bottom of the flask helps to dissolve
CS relatively easily, allowing the magnetic stir bar to go to work
immediately.

2. For the preparation of PS-g-PAN copolymer, the redox initia-
tion by Ce4+ ions has been adopted because it was demon-
strated that the redox-initiated process of graft
copolymerization onto the polysaccharide backbone generates
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free radicals on the polysaccharide backbone itself, a little space
remaining for the homopolymerization of AN.

3. AN was distilled at 77 �C and kept at 4 �C.

4. For the preparation of PA, the alkaline hydrolysis of the nitrile
groups in PS-g-PAN copolymer has been adopted.

5. Calculated for a cross-linker ratio of 1/40, defined as the mole
ratio of the cross-linker BAAm to the monomer AAm.

6. We found that it is best to prepare this fresh each time.

7. We found that storing at 4 �C reduces its pungent smell.

8. ECH has been double distilled on KOH before use.

9. Unpolymerized acrylamide is a neurotoxin and care should be
exercised to avoid skin contact.

10. Cut off the narrow tips of the syringes before loading the
reaction mixture, and thus, after polymerization, the cylindrical
gels could be easily ejected.

11. Wash each sample with 80 mL of water six times, at least.

12. Cut fresh the gel samples using a sharp blade and be careful to
have parallel surfaces at the bottom and top of the cylinder.

13. Weigh and measure the diameter of the swollen gels after
wiping the excess of the solvent from the gel surface by filter
paper.

14. The contact time is varied until the equilibrium sorption of the
dye is achieved (i.e., the amount of dye bound on the gel is
constant).

15. Before contacting the swollen gel with the dye solution,
remove the excess of the water from the gel surface by filter
paper.

16. Use a shaking thermostatic water bath to keep the temperature
constant during the sorption experiments.

17. The non-linear regression method should be adopted because
the calculation errors are reduced compared with the linear
fitting.

18. The process of sorption is a function of time too. It is important
to put cryogel pieces into flasks at the same time, to provide
sorption for the same period in each flask.

19. The time required to achieve the equilibrium sorption of dye at
25 �C depends on the structure of the cryogel. For example,
the time necessary to achieve the equilibrium sorption of MB
on full-IPN PAAm/CS cryogels was about 40 min.
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20. The regenerated cryogels could be reused in another sorption
cycle. The reusability of the semi-IPN PAAm/PA60 cryogel,
before and after the controlled hydrolysis, in the successive
sorption/desorption cycles is illustrated in Fig. 2.
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Spectroscopy, Binding Studies and Molecular Modelling





Chapter 21

Analysis of Drug–Protein Interactions by High-Performance
Affinity Chromatography: Interactions of Sulfonylurea
Drugs with Normal and Glycated Human Serum Albumin

Ryan Matsuda, Jeanethe Anguizola, Krina S. Hoy, and David S. Hage

Abstract

High-performance affinity chromatography (HPAC) is a type of liquid chromatography that has seen
growing use as a tool for the study of drug–protein interactions. This report describes how HPAC can be
used to provide information on the number of binding sites, equilibrium constants, and changes in binding
that can occur during drug–protein interactions. This approach will be illustrated through recent data that
have been obtained by HPAC for the binding of sulfonylurea drugs and other solutes to the protein human
serum albumin (HSA), and especially to forms of this protein that have been modified by non-enzymatic
glycation. The theory and use of both frontal analysis and zonal elution competition studies in such work
will be discussed. Various practical aspects of these experiments will be presented, as well as factors to
consider in the extension of these methods to other drugs and proteins or additional types of biological
interactions.

Key words Drug–protein binding, High-performance affinity chromatography, Biointeraction
analysis, Frontal analysis, Zonal elution, Sulfonylurea drugs, Human serum albumin, Glycation

1 Introduction

Many biological systems involve interactions between small solutes
and proteins. Examples include the binding of low mass antigens
to antibodies, enzymes to substrates, hormones to receptors, and
drugs to plasma proteins [1, 2]. Various techniques have been devel-
oped to examine and characterize these interactions. These methods
have ranged fromfluorescence spectroscopy [3–6], circular dichroism
[5], ultrafiltration [6–8]. and equilibrium dialysis [4, 9–12] to chro-
matographic and electrophoretic techniques such as size exclusion
chromatography, capillary electrophoresis, and affinity capillary elec-
trophoresis [13–24].

One type of chromatography that has been used to examine the
binding of proteins with drugs and small solutes is high-performance
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affinity chromatography (HPAC). Affinity chromatography is a type
of liquid chromatography that utilizes an immobilized and
biologically related binding agent (e.g., an antibody, enzyme or
transport protein) as the stationary phase [1]. This method makes
use of the specific, reversible interactions that occur in many
biological interactions by immobilizing one of a pair of interacting
substances onto a support and placing this binding agent within a
column. The immobilized binding agent, or affinity ligand, is then
allowed to interact with the corresponding targets and binding part-
ners as these are applied to the column in the mobile phase or as
injected samples [1, 25].

In traditional affinity chromatography, large and non-rigid sup-
port materials such as agarose or carbohydrate-based gels are typi-
cally used. These materials are inexpensive and allow for separations
to be performed under gravitational force or through the use of a
peristaltic pump [1, 26, 27]. However, these same supports can
have poor mass transfer properties and often require the use of low
back pressures or flow rates, making them best suited for prepara-
tive work or sample pretreatment [1]. In HPAC, the support is
instead a more rigid and efficient material such as HPLC-grade
silica, a perfusion support or a monolithic medium. The better
mass transfer properties and improved stability of these materials
to high flow rates or high back pressures allows the use of these
supports with HPLC systems [26, 27].

Affinity chromatography and HPAC have been frequently used
to separate, purify, or examine specific analytes in biological samples
[1, 26–36]. It is also possible to use these methods, and in particu-
lar HPAC, to examine drug– or solute–protein interactions. Infor-
mation that can be provided by affinity chromatography andHPAC
on these interactions includes the number of sites that are involved
in a binding process and the equilibrium constants that describe
this binding. It is also possible to determine, through the use of
site-specific probes, the equilibrium constants that are present for a
target at specific sites on a protein, the location of these sites, and
the types of interactions that one solute may have with another at
these sites [1, 21, 37, 38]. A major advantage of using HPAC for
these studies is that it is a high-throughput technique that can be
easily automated. In addition, HPAC has the capability of using the
same immobilized biological agent and column for up to hundreds
of experiments. These same features provide this method with good
precision and allow short analysis times to be obtained during
binding studies [1, 21].

The analysis of drug–protein interactions by HPAC has been
of interest for some time because of the information this method
can provide on the transport, distribution, andmetabolism of drugs
[2, 39]. It has also been found that HPAC can be used to charac-
terize changes in drug–protein interactions that can result
from metabolic processes or diseases [13–20, 40]. Diabetes is one
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metabolic disease whose effects on drug–protein binding have been
investigated by HPAC [13–20]. Diabetes is characterized by ele-
vated levels of glucose in the bloodstream, which can result in the
glycation of serum proteins [3, 41–44]. Glycation is a non-
enzymatic process that occurs through the addition of reducing
sugars to free amine groups on proteins. The initial product of this
reaction is a reversible Schiff base, which can later rearrange to
create a stable Amadori product, or ketoamine, as shown in Fig. 1
[45–47]. Additional processes such as oxidation, dehydration, and
cross-linking can also occur to form advanced glycation end-
products (AGEs) on proteins [48].

Recent studies have suggested that glycation-related modifica-
tions can affect the structure and function of transport proteins
such as human serum albumin (HSA) [13–20, 49, 50]. HSA is the
most abundant protein in plasma and is responsible for the trans-
portation of many drugs and solutes in blood [51]. Reports have
indicated that there is a two- to five-fold increase in the amount of
HSA that is glycated in diabetic patients when compared to non-
diabetic individuals [52]. Mass spectrometric studies have shown
that glycation can occur at or near Sudlow sites I and II, which are
the major drug binding sites on HSA [49, 50]. Binding studies
using methods like HPAC have also revealed that glycation-related
modifications at these sites can affect the binding of various drugs
and solutes with HSA [3, 13–20, 42–44]. For instance, some of
these studies have shown that the affinity at Sudlow sites I or II can
change by 0.6- to six-fold for some drugs in the presence of
glycated HSA versus normal HSA [48].

This report discusses how HPAC can be used to characterize
the number of binding sites, equilibrium constants and changes in
binding that can occur during drug–protein interactions. These
methods will be illustrated by using HPAC data that have been

Fig. 1 General reactions involved in the glycation of HSA to form an Amadori product, or ketoamine
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obtained when examining the interactions of normal or glycated
HSA with various sulfonylurea drugs that are used to treat type
2 diabetes (see Fig. 2) [13–20, 53]. It will first be shown how the
method of frontal analysis can be utilized in HPAC to determine
the equilibrium constants and number of binding sites for a drug
with a protein in an HPAC column. It will also be shown how
competition studies based on zonal elution methods can be
employed to study the binding of a drug at a specific site on a
protein and to examine the drug’s interactions with other solutes at
this site. Both the theory and experimental aspects of each approach
will be discussed, with general guidelines being given for the use of
the same approaches with other drugs and proteins, or alternative
types of biological interactions.

2 Materials

In the use of HPAC for binding studies, all aqueous buffers and
solutions for making the columns, reagents and samples should be
prepared using HPLC-grade water. Other, more specific reagents
that are needed for HPAC binding studies, such as the protein,
column and samples, are described in the following sections.

2.1 Protein Isolation

and Preparation

The degree of isolation and preparation that is needed for a protein
as a binding agent will depend on the specific protein that is to be
examined by HPAC. This section describes methods that have been
used in the prior cited examples, which used commercial prepara-
tions or in vitro and in vivo samples of normalHSAor glycatedHSA.

Fig. 2 Structures of some representative first-generation sulfonylurea drugs (acetohexamide and tolbutamide)
and second-generation sulfonylurea drugs (gliclazide and glibenclamide)
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1. Normal HSA (essentially fatty acid free, �96 % pure) has been
used as a reference protein preparation in drug binding studies
for comparison with the results that are obtained with in vitro
or in vivo glycated HSA.

2. Various preparations of in vitro glycated HSA have been exam-
ined and used in HPAC studies. These preparations have had
glycation levels similar to those found in individuals with pre-
diabetes, controlled diabetes, or advanced/poorly controlled
diabetes [13]. In vitro glycated HSA with a glycation level
similar to that found in a pre-diabetic state has been obtained
commercially. In vitro glycated HSA samples with other levels
of glycation can be prepared by using a modified version of
previously published methods [13, 54, 55]. In this procedure,
glucose concentrations typical of those seen in blood for
patients with controlled diabetes or advanced diabetes (15 or
30 mM) can be incubated with a physiological concentration of
HSA (42 g/L) in a sterile pH 7.4 phosphate buffer at 37 �C for
4 weeks (see Note 1) [13]. After incubation, the protein sam-
ples can be dialyzed against water or a neutral pH buffer,
lyophilized, and stored at �80 �C until further use.

3. In vivo glycated HSA has been isolated from de-identified and
pre-existing plasma or serum samples obtained from patients
known to have diabetes [20]. A Vivaspin 6 spin filter column
that contains a 50 % packed resin slurry composed of polyclonal
anti-HSA antibody fragments immobilized onto cross-linked
agarose beads can be obtained from Sartorius Stedim Biotec
(Göttingen, Germany). This column can be used to extract
HSA and glycated HSA from plasma or serum, according to
the scheme shown in Fig. 3 [20]. The extracted HSA and
glycated HSA can then be dialyzed against water or a neutral
pH buffer, lyophilized, and stored at �80 �C until further use.

Fig. 3 Scheme for the immunoaffinity purification and isolation of HSA and in vivo glycated HSA (gHSA) from
the serum or plasma of patients with diabetes, as described in ref. 20
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4. A commercial fructosamine assay (e.g., from Diazyme, San
Diego, CA, USA) has been modified to determine the glyca-
tion level for a representative portion of in vitro or in vivo
glycated HSA samples that are to be used in binding studies
[13]. These measurements should be carried out in a
temperature-controlled UV/Vis spectrometer at 37 �C and
can use calibration standards that are provided by the manufac-
turer of the assay kit. The results are typically expressed in units
of mol hexose/mol HSA (see Note 2).

2.2 Support

Materials and Columns

1. HPLC-grade porous silica is used as the starting support mate-
rial for many HPAC applications [1, 25–27]. The support used
in this work was Nucleosil Si-300-7 silica (7 μm pore size,
300 Å pore size) from Macherey-Nagel (Duren, Germany).
However, other HPLC supports that can be modified for use
with immobilized proteins could also have been employed,
such as perfusion supports, polymer-based monoliths, or silica
monoliths [56, 57].

2. There are a variety of techniques that can be used to covalently
attach a protein to silica or other HPLC-grade supports
[1, 25–27]. The examples cited in this report used the Schiff
base method (see Fig. 4), which first involves conversion of
the silica into a diol-bonded form, as described previously
(see Note 3) [58, 59]. These diol groups create a support that
has low non-specific binding for many biological agents but
give a support that can also be easily modified for the immobi-
lization of proteins or other binding agents [1, 25–27].
For instance, in the Schiff base method these diol groups are
oxidized by periodic acid to form aldehyde groups, which can
then react with free amine groups on a protein (see Note 4)
[58, 60]. The resulting Schiff base can then be reduced upon

Fig. 4 Reactions involved in the immobilization of HSA to diol-bonded silica
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formation by using a mild reducing agent like sodium cyano-
borohydride to form a stable secondary amine linkage. The
remaining aldehyde groups can later be reduced to alcohols
by adding a stronger reducing agent, such as sodium borohy-
dride [60]. This procedure was used in the cited examples to
prepare HPAC supports that contained normal HSA, in vitro
glycated HSA, or in vivo glycated HSA (see Note 5). Control
supports should be prepared in the same manner, but without
the addition of any protein during the immobilization step.

3. In the cited examples, the immobilized HSA supports and
control supports are downward slurry packed into separate
2 cm � 2.1 mm i.d. stainless steel columns, although columns
of other sizes could be used. These particular columns are
packed at a pressure of 24 MPa and using pH 7.4, 0.067 M
phosphate buffer as the packing solution.

2.3 Solution

Preparation

Prepare all of the drug solutions and samples that will be used in the
binding studies in an appropriate buffer. In the work that is
employed here to illustrate the use of HPAC for drug–protein
binding studies, the buffer was pH 7.4, 0.067 M potassium phos-
phate buffer [61, 62]. For best results, care should always be taken
to select conditions that mimic the natural environment of the
protein and drug or solute in the biological system that is being
modeled. The same buffer that is used to prepare the drug solutions
and samples should ideally be used as the mobile phase for sample
application and elution in the chromatographic studies. All bio-
chemicals should be of at least analytical grade, if possible.

1. pH 7.4, 0.067 M Phosphate buffer. Weigh 7.55 g of monobasic
potassium phosphate and 37.72 g of dibasic potassium phos-
phate. Combine and dissolve the phosphate salts in 4.00 L of
water. Add in dropwise either low concentrations of hydrochloric
acid or sodiumhydroxide to adjust the pHof the solution to 7.4.

2. R-Warfarin solution: R-Warfarin is often used as a site-specific
probe for Sudlow site I of HSA [13, 62]. Prepare a 50 μM R-
warfarin solution by dissolving 0.77 mg of this drug in 0.050 L
of pH 7.4, 0.067 M phosphate buffer and stir overnight
(see Note 6) [19]. Dilute this stock solution to give a working
concentration of 5 μM in the buffer or mobile phase that will
be used in the HPAC binding study [13–20].

3. L-Tryptophan solution: L-Tryptophan is commonly used as a
site-specific probe for Sudlow site II of HSA [13, 61]. Weigh
1.02 mg of L-tryptophan in 0.050 L of phosphate buffer to
yield a concentration of 100 μM (seeNote 7). Dilute this stock
solution to give a working concentration of 5 μM in the buffer
or mobile phase that will be used in the HPAC binding study
[13–20].
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4. Digitoxin solution: Digitoxin has been employed as a
site-selective probe for the digitoxin site of HSA [63]. Dissolve
1.92 mg of digitoxin in 0.050 L of phosphate buffer. Add
0.88 mM or 49.9 mg of β-cyclodextrin to the digitoxin solu-
tion to increase solubility. Stir solution overnight (see Note 8).
Dilute this stock solution to give a working concentration
of 5 μM in the buffer or mobile phase that will be used in
the HPAC binding study [13–20, 63].

5. Acetohexamide stock and working solutions: Prepare a stock
solution of 1,000 μMacetohexamide by dissolving 342.4mg of
acetohexamide in 1.00 L of pH 7.4, 0.067 M phosphate buffer
and stir overnight. Dilute this stock solution with the same
buffer to prepare various working solutions (e.g., 1–1,000 μM).

6. Tolbutamide stock and working solutions: Dissolve 54.1 mg of
tolbutamide in 1.00 L of pH 7.4, 0.067 M phosphate buffer
and stir overnight to prepare a stock solution of 200 μM tolbu-
tamide. Dilute this stock solution with the same buffer to
prepare various working solutions (e.g., 1–200 μM).

7. Gliclazide stock and working solutions: Prepare a stock solu-
tion of 200 μM gliclazide by dissolving 64.7 mg of gliclazide in
1.00 L of pH 7.4, 0.067 M phosphate buffer and stir over-
night. Dilute this stock solution with the same buffer to pre-
pare various working solutions (e.g., 1–200 μM).

8. Glibenclamide stock and working solutions: Dissolve 24.7 mg
of glibenclamide in 1.00 L of pH 7.4, 0.067 M phosphate
buffer to prepare a 50 μM stock solution of glibenclamide.
Due to the limited solubility of glibenclamide, this solution
preparation requires additional steps, in which both stirring
and sonication of the solution in a covered container should
be carried out for 5–7 days at 35–50 �C [19]. Dilute the stock
solution with the phosphate buffer to give various working
solutions (e.g., 0.5–50 μM).

3 Methods

3.1 Frontal Analysis 1. A typical chromatographic system for use in a frontal analysis
experiment is shown in Fig. 5a. This type of system and experi-
ment can be used to obtain information on the binding
strength and binding capacity of a column that contains an
immobilized affinity ligand as this ligand interacts with a solu-
tion of an analyte that is applied in the mobile phase [1, 25–27].
A typical HPAC system like the one in Fig. 5a contains two
pumps, a switching valve, a column, and a detector. This par-
ticular system can be used for a situation in which the analyte
can be eluted in the presence of the application buffer under
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isocratic conditions, as was true for the various drugs and
probes that were examined within the cited examples
[13–20]. In this situation, one of the pumps is used to apply
the analyte solution and the other pump is used to pass only
an application buffer through the column. Additional pumps
can be added to the system for experiments that involve
more than one analyte or if a buffer with a different pH or
composition is required for analyte elution. The valve in this
system functions to switch between the application of the ana-
lyte solution and the buffer, or eluting solution, to column.

Fig. 5 (a) A typical chromatographic system used in frontal analysis experiments and (b) representative results
for the application of tolbutamide to an HPAC column containing normal HSA. In (a) a valve is used to switch
the mobile phase from the application buffer to a solution that contains the analyte to be applied to the
column. A second valve change is used to change the mobile phase back to original buffer and allow
regeneration of the column. The results in (b) were obtained by using a 2.0 cm � 2.1 mm i.d. HSA column
at 0.50 mL/min. The concentrations of tolbutamide in (b) were 200, 100, 50, 20, and 10 μM (top-to-bottom).
The plot in (b) is reproduced with permission from ref. 15
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An absorbance detector is often used to monitor analyte elution
in this type of system; however, detection based on fluores-
cence, near-infrared fluorescence, chemiluminescence, or mass
spectrometry could also be utilized in some cases [2].

2. Some typical chromatograms that have been obtained by
HPAC and frontal analysis are shown in Fig. 5b. This type of
study involves the continuous application of a known concen-
tration of the analyte to the column, with the analyte then
being allowed to bind and eventually saturate sites on the
immobilized binding agent within the column. As shown in
Fig. 5b, this process results in the formation of a breakthrough
curve. If a local equilibrium is present between the applied
analyte and the immobilized binding agent (i.e., relatively fast
association and dissociation kinetics are present on the time
scale of the experiment), the position of the mean point of
this breakthrough curve can be related to the concentration
of the applied analyte, the equilibrium constant(s) for the ana-
lyte with the immobilized binding agent, and the number and
amount of binding sites for the analyte within the column [56].

3. Themean position of the breakthrough curves in the cited exam-
ples were determined by using the various analysis functions
found in Peak Fit 4.12 software, although other approaches and
software can also be employed [1, 64]. For instance, the first
derivative of the breakthrough curve can be found by using the
data smoothing function of Peak Fit 4.12. The equal area func-
tion can then be used to determine the central point of the
resulting derivative. A correction for non-specific binding can
be carried out by subtracting the results for the control column
from the results obtained for the normal HSA or glycated HSA
columns at the same analyte concentration and flow rate. All of
the frontal analysis experiments should be performed in replicate
for both the protein and control columns.

4. Once frontal analysis experiments have been carried out
over a suitable number and range of analyte concentrations
(seeNote 9), the breakthrough data can be analyzed according
to various binding models. For example, if a single-site inter-
action occurs between the analyte (A) and the immobilized
binding agent (or affinity ligand, L), the data for this type of
interaction can be described by the expressions shown in
Eqs. 1 and 2 [1, 25–27, 64].

mLapp ¼ mLK a A½ �
1þK a A½ �ð Þ ð1Þ

1

mLapp
¼ 1

K amL A½ �ð Þ þ
1

mL
ð2Þ
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Equation 1 provides a non-linear description of this binding
model, and Eq. 2 is a linear double-reciprocal transform of
Eq. 1. In both of these equations, mL represents the total
moles of binding sites for the analyte in the column, Ka is the
association equilibrium constant for the analyte at these sites,
and mLapp is the moles of applied analyte required to reach the
central point of the breakthrough curve at a given molar con-
centration of the analyte. Equivalent expressions can be derived
and used for the situation in which the concentration and
volume of the applied analyte are used in place of the moles of
the applied analyte [1, 25–27, 64].

5. A fit of either Eqs. 1 or 2 to the data for a single-site system can
allow the values of Ka and mL to be obtained. For instance, a
plot of 1/mLapp vs. 1/[A] that is made according to Eq. 2
should provide a linear relationship for a single-site system,
giving a slope that is equal to (1/Ka mL) and an intercept that
is equal to (1/mL). The value of Ka in this situation can be
determined by dividing the intercept by the slope, whilemL can
be found by taking the inverse of the intercept [1].

6. Figure 6a shows some frontal analysis data that were examined
by using a double-reciprocal plot for the binding of racemic
warfarin with normal HSA and HSA with various states of
glycation [13]. The interaction between warfarin and HSA is
known to involve a single major binding site [62, 65], so a
linear response was observed for a plot that was prepared
according to Eq. 2 in this set of experiments [13].

7. Similar expressions to those in Eqs. 1 and 2 can be developed
for systems that involve multisite interactions. Examples for a
two-site system are shown in Eqs. 3 and 4 [65, 66].

mLapp ¼ mL1K a1 A½ �
1þK a1 A½ �ð Þ þ

mL2K a2 A½ �
1þK a2 A½ �ð Þ ð3Þ

1

mLapp
¼ 1þK a1 A½ � þ β2K a1 A½ � þ β2K a1

2 A½ �2

mLtot α1 þ β2 � α1β2ð ÞK a1 A½ � þ β2K a1
2 A½ �2

n o ð4Þ

In these equations, Ka1 and Ka2 represent the association equi-
librium constants for the highest and lowest affinity binding
sites for analyte A on the column, respectively, while mL1 and
mL2 are the moles of these two types of binding sites. In Eq. 4,
β2 represents the ratio of the association equilibrium constants
for the low vs. high affinity sites, where β2 ¼ Ka2/Ka1. The
fraction of all binding regions that are the high affinity sites is
represented by α1, where α1 ¼ mL1/mLtot [1, 25–27, 65].
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8. Figure 6b shows an example of a double-reciprocal plot that
was obtained for a system with multisite binding (in this case,
the interaction between acetohexamide and normal HSA) [14].
Unlike a single-site system, a multisite interaction would be
expected to have deviations from a linear response at high
analyte concentrations (or low 1/[A] values), as shown in the
inset of Fig. 6b. However, at low analyte concentrations (or
high values of 1/[A]), the relationship of 1/mLapp vs. 1/[A]
approaches a linear response, as indicated by Eq. 5 [65, 66].

Fig. 6 Example of double-reciprocal plots for frontal analysis studies examining (a) the binding of warfarin to
HSA at various levels of glycation, and (b) the binding of acetohexamide to normal HSA. The inset in (b) shows
the linear fit for the lower values of 1/[acetohexamide]. Reproduced with permission from refs. 13, 14
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lim
A½ �!0

1

mLapp
¼ 1

mLtot α1 þ β2 � α1β2ð ÞK a1 A½ �

þ α1 þ β2
2 � α1β2

2

mLtot α1 þ β2 � α1β2ð Þ2 ð5Þ

As the concentration of the analyte approaches zero and the
value of 1/[A] increases, the apparent value of Ka that is
obtained from the slope and intercept of this linear region has
been shown to provide a good estimate for the association
equilibrium constant of the high affinity site in a multisite
binding system [65, 66].

9. For both single-site and multisite systems, non-linear plots can
be fit to expressions like Eqs. 1 and 3 to obtain the equilibrium
constants and moles of sites that are involved in a drug–protein
interaction. Examples of such plots are shown in Fig. 7 [19], in
which frontal analysis data for glibenclamide and normal HSA
are fit to both the single-site model in Eq. 1 (Fig. 7a) and the
two-site model in Eq. 3 (Fig. 7b). Similar plots have been used
to examine the binding by other sulfonylurea drugs with nor-
mal HSA and in vitro or in vivo glycated HSA [13–20].

10. Several approaches can be used to compare the fit of frontal
analysis data to various binding models. For instance, a com-
parison can be made of the correlation coefficients for each fit.
In the example shown in Fig. 7, the correlation coefficients for
plots made according to single-site (Eq. 1) and two-site (Eq. 3)
binding models are 0.952 and 0.997 (n ¼ 16), respectively.
These results indicate that the two-site model provides a better
fit than the single-site model for these results [19]. It is also
recommended that the fit of each model be compared by using
residual plots, as shown by the insets in Fig. 7, and by using the
sum of the squares of the residuals for each fit. As an example,
the residual plots in Fig. 7 show that the single-site model gives
a non-random distribution of data about the best-fit line, while
the two-site model provides a random distribution of the data
about its best-fit line. Also, the sum of the squares of the
residuals is only 3.0 � 10�18 for the two-site model compared
to 4.9 � 10�17 for the single-site model. This analysis again
indicates that the two-site model gives a better fit than the
single-site model for this particular system [19].

3.2 Zonal Elution

Competition Studies

1. A competition study based on zonal elution is another type of
HPAC experiment that can be used to examine the interactions
between a drug and a protein [1, 25, 67]. A typical chro-
matographic system that can be used for this type of experi-
ment is shown in Fig. 8a. This type of system and experiment
can be used to obtain information on the site-specific binding
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of a drug with a protein or immobilized agent, and on the type
of competition this drug may have for other drugs or solutes at
this site [1, 25–27]. A chromatographic system for zonal elu-
tion competition studies usually contains at least one HPLC
pump, an injector, a chromatographic column, and detector.
The pump functions to apply an injected sample of the probe or
a mobile phase containing a competing agent through the
column under isocratic conditions. Additional pumps may be
used to allow for the automated application of various

Fig. 7 Fit of frontal analysis data obtained for glibenclamide on an HPAC column containing normal HSA when
analyzed by (a) a single-site binding model based on Eq. 1 or (b) a two-site binding model based on Eq. 3. The
insets show the corresponding residual plots, where each point represents the average of four experiments.
Reproduced with permission from ref. 19
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concentrations of the competing agent, the use of more than
one competing agent, or the use of gradient elution for
removal of a retained solute from the column. In these latter
situations, a valve can be included to switch between the vari-
ous mobile phases or competing agent solutions. Injection of
the sample can be carried out with a manual system or by using
an autosampler [13–20]. Various detection modes can be uti-
lized to monitor elution of the probe, including absorbance,
fluorescence, chemiluminescence or mass spectrometry [64].

2. In a typical zonal elution competition study, a small plug of a
site-specific probe is injected onto the affinity column in the

Fig. 8 (a) A typical chromatographic system for zonal elution competition studies and (b) representative results
obtained for injections of R-warfarin in the presence of acetohexamide in the mobile phase on an HPAC
column containing normal HSA. In (a) the competing agent is in the mobile phase, while the different probes
are injected onto the column. The results in (b) are for acetohexamide concentrations of 20, 10, 5, 1 or 0 μM
(top to bottom), using a 2.0 cm � 2.1 mm i.d. HSA column at 0.50 mL/min. The vertical dashed line is shown
for reference and demonstrates how the retention time for the injected probe changes as the concentration of
acetohexamide is varied in the mobile phase. The plot in (b) is reproduced with permission from ref. 14
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presence of a known concentration of a competing agent in the
mobile phase. The retention factor (k) for the injected probe is
found by usingEq. 6, where tR orVR are themeasured retention
time or retention volume of the probe, and tM or VM represent
the void time or void volume of a non-retained solute [1].

k ¼ tR � tM
tM

¼ V R � VM

VM
ð6Þ

In the cited examples, the chromatograms were analyzed with
Peak Fit 4.12, with the equal area function being used to
determine the peak centroid and true retention time or void
time for the probe and a non-retained solute [1, 64]. A correc-
tion for non-specific binding can be made by subtracting the
results obtained for the control column from the results
measured on the affinity column. All injections should be per-
formed in replicate on both the affinity column and the control
column [13–20].

3. Figure 8b shows a typical zonal elution competition experiment.
In this example,R-warfarin is being injected as a probe for Sudlow
site I on a column that contained normal HSA [14]. The mobile
phase contains a known concentration of acetohexamide as a
competing agent. As the concentration of the competition agent
is increased, the retention time for the probe decreases. The
decrease in retention indicates that the probe and competing
agent are undergoing some type of interaction that involves
Sudlow site I, which in this case was a result of direction competi-
tion by these two agents at that site [14].

4. If there is a shift in the retention factor for the probe as the
concentration of the competing agent is varied, this shift can be
used to determine if direct or allosteric competition occurs
between the probe and the competing agent at their sites of
interaction on the column (see Note 10) [45]. For example, if
direct competition is present for these agents at a single site on
an immobilized protein, Eq. 7 can be used to describe the
interaction of the probe and competing agent at their common
site of interaction. According to this equation, such a system
should result in a linear relationship between 1/k for the probe
and the concentration of the competition agent, [I] [1, 25, 64].

1

k
¼ K aIVM I½ �

K aAmL
þ VM

K aAmL
ð7Þ

In this equation, KaA and KaI represent the association
equilibrium constants for the probe and competing agent,
respectively, and all other terms are as defined previously. The
ratio of the slope to the intercept for a linear fit to this plot can
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be used to determine the association equilibrium constant
for the competing agent at its site of competition with the
probe [1, 64].

5. Figure 9 provides examples of plots that have been obtained by
using Eq. 7 to analyze data from competition studies using
tolbutamide or acetohexamide as the competing agent, samples
of in vivo glycated HSA, and R-warfarin or L-tryptophan as
site-specific probes for Sudlow sites I and II, respectively [20].
The linear fits obtained in these plots for both probes give good
agreement with a direct competition model, indicating that the
drugs used as the competing agents are binding at Sudlow sites

Fig. 9 Analysis of results for zonal elution competition studies between (a) tolbutamide and R-warfarin and
(b) acetohexamide and L-tryptophan on columns that contained in vivo glycated HSA samples. These results
are for two different in vivo samples of glycated HSA, as represented by (filled square) and (filled circle).
Reproduced with permission from ref. 20
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I and II. In addition, it is possible from these plots to determine
the association equilibrium constants for these drugs at each
type of binding site and to compare the values of these con-
stants for different samples of glycated HSA [13–20]. Table 1
provides some data that have been obtained from such experi-
ments involving the use of acetohexamide and HSA with vari-
ous levels of glycation [14]. This method has also been utilized
to examine the binding of other sulfonylurea drugs with
in vitro or in vivo glycated HSA [13–20] and to examine the
competition of glibenclamide with digitoxin as a probe for the
digitoxin site on HSA [19].

4 Notes

1. To prevent bacterial growth during the preparation of in vitro
glycated HSA, all glassware and spatulas should first be steri-
lized by using an autoclave. A pH 7.4, 0.20M phosphate buffer
solution that contains 1 mM for sodium azide can also be
prepared and autoclaved for use in the preparation of in vitro
glycated HSA.

2. In the cited examples, both in vitro and in vivo samples of
glycated HSA are prepared at a concentration of approximately
20 g/L by using pH 7.5, 0.025 M sodium phosphate buffer to
stay within the linear range of the fructosamine assay. A 85 %
(w/v) saline solution is used as the blank for the assay [13].

3. The modified Nucleosil Si-300 support that is used in the cited
examples contained around 300 μmol diol/g silica. The diol

Table 1
Changes observed in the relative affinities of acetohexamide at Sudlow sites I and II for in vitro
glycated HSA (gHSA) versus normal HSA

Change in association equilibrium constanta

Sample of glycated HSA Sudlow site I Sudlow site II

gHSA1 " 1.4-fold # 0.6-fold

gHSA2 N.S. (# 10 %)b # 0.8-fold

gHSA 3 N.S. (<5 %) N.S. (<10 %)

aThis table is based on data obtained from ref. 14 and is adapted with permission from ref. 48. The relative changes listed

are versus the following association equilibrium constants for normal HSA with acetohexamide: Sudlow site I, 4.2 � 104

M�1; Sudlow site II, 13.0 � 104 M�1. All of these results were obtained at 37 �C and pH 7.4. The levels of glycation

were as follows: gHSA1, 1.31 (�0.05); gHSA2, 2.34 (�0.13); and gHSA3, 3.35 (�0.14) mol hexose/mol HSA. The
term “N.S.” stands for “not significant” and indicates an association equilibrium constant that was not significantly

different from that for normal HSA at the 95 % confidence level
bThe association equilibrium constant in this case was significantly different at the 90 % confidence level from the value for

normal HSA but was not significantly different at the 95 % confidence level
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coverage for other materials that are modified in the same
manner will depend on the pore size, surface area, and nature
of the support [58, 59].

4. The concentration of protein that was used for the immobiliza-
tion step in the cited examples was 50 mg HSA/g silica,
although other amounts could have been used. The immobili-
zation step in these examples took place in 5 mL of pH 6.0,
0.10 M potassium phosphate buffer over a period of 6 days
at 4 �C.

5. Both glycation and the Schiff base method involve free amine
groups on HSA; however, studies based on mass spectrometry
have shown that different residues on HSA tend to be utilized
for these two processes [49, 50, 68].

6. R-Warfarin can be used with both normal HSA and glycated
HSA as a probe for Sudlow site I [13, 62]. An aqueous solution
of R-warfarin in a pH 7.4 phosphate buffer should be used
within 2 weeks of preparation because warfarin can undergo a
slow structural rearrangement in such a solution over longer
periods of time [13, 69].

7. It has been found in studies with normal HSA and glycated
HSA that L-tryptophan can be used as a site-specific probe for
Sudlow site II. Solutions of L-tryptophan in pH 7.4, 0.067 M
phosphate buffer are stable for a period of only 2–9 days;
therefore, these solutions should be used within 1 day of prep-
aration [13, 61].

8. Digitoxin is used as a site-specific probe for the digitoxin site of
HSA [63]. Due to the limited solubility of digitoxin (4 mg/L
in water), β-cyclodextrin can be added as a solubilizing agent to
help place the digitoxin into a pH 7.4, 0.067 M phosphate
buffer [64, 70, 71]. The preparation of a 50 μM stock solution
of digitoxin requires the addition of 0.88 mM β-cyclodextrin to
help in dissolving the digitoxin [64, 70, 71]. All digitoxin
solutions should be used within 2 weeks of preparation.

9. Frontal analysis experiments should be carried out by using a
relatively large range and sufficient number of analyte concen-
trations to allow the data to be fit to various binding models.
The range of concentrations that can be used will depend on the
analyte’s solubility and limit of detection for this analyte in the
HPLC system. The optimum concentration range for these
experiments will also be determined by the affinity of the inter-
action and the number and distribution of sites that are involved
in this binding [64–66]. The flow rates used in experiments
aimed at the measurement of equilibrium constants should be
sufficiently low to allow binding capacities and affinities to be
obtained that are independent of this parameter [1, 64].
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10. The competition agent concentrations that are selected for
zonal elution studies should be sufficient to allow a measurable
shift to be observed in the retention of the probe. This shift in
the retention factor (k) for the probe can be described for a
simple single-site interaction by using Eq. 8, in which kmax is
the maximum retention factor that can be observed and kmin is
the minimum possible retention factor [64].

k � kmin

kmax � kmin
¼ 1

1þK aI I½ � ð8Þ

As indicated by Eq. 8, the shift in retention will be related to
the association equilibrium constant (KaI) for the competing
agent at the binding site being examined and the concentration
of the competing agent, [I]. The maximum retention of the
probe in such a system will occur when the competing agent’s
concentration is zero, and the minimum retention will occur as
the concentration of the competing agent approaches infinity
[64]. In these experiments, the concentration of the probe
should also be low enough to provide linear elution conditions
while still giving a peak that is easy to detect and analyze for the
measurement of retention.
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Chapter 22

Accurate Protein–Peptide Titration Experiments by Nuclear
Magnetic Resonance Using Low-Volume Samples

Christian Köhler, Raphaël Recht, Marc Quinternet, Frederic de Lamotte,
Marc-André Delsuc, and Bruno Kieffer

Abstract

NMR spectroscopy allows measurements of very accurate values of equilibrium dissociation constants using
chemical shift perturbation methods, provided that the concentrations of the binding partners are known
with high precision and accuracy. The accuracy and precision of these experiments are improved if
performed using individual capillary tubes, a method enabling full automation of the measurement. We
provide here a protocol to set up and perform these experiments as well as a robust method to measure
peptide concentrations using tryptophan as an internal standard.

Key words Affinity measurements, Protein–peptide interactions, NMR, Equilibrium binding
constants

1 Introduction

Nuclear Magnetic Resonance (NMR) provides a powerful tool to
study protein–ligand and protein–protein interactions at atomic
resolution [1]. Among many other possibilities, NMR can be
used to measure very accurately the equilibrium constant of the
interaction, provided that its equilibrium dissociation constants
(Kd) is in the range of 10 μM or above, a value that corresponds
to the study of rather weak interactions. Several methods have been
developed to measure protein–ligand dissociation constants, and
they are usually classified in two main classes: the “ligand-
observed” and the “protein-observed” methods. While “ligand-
observed” methods, such as Saturation Transfer Difference (STD)
or WaterLogsy share common principles with other biophysical
approaches, the “protein-observed” approach is unique to NMR
for its ability to deliver site-specific information [2, 3]. Thanks to
these properties, NMR is now an established tool in pharmaceutical
industry where it is used in drug discovery strategies, essentially at
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the hit-to-lead step, where low to medium affinity ligands are
gradually optimized into potent ligands [4]. The classical approach
to study ligand–protein interactions relies on the measurement of
protein chemical shift perturbations (CSP) induced by the binding
of the ligand. This is generally performed using proteins that are
enriched with magnetically active isotopes such as nitrogen 15 or
carbon 13 and the prior knowledge of the protein resonance assign-
ments that links a measured nucleus frequency to the
corresponding molecular site. The chemical shift perturbations
are then monitored using heteronuclear correlation spectra upon
successive addition of increasing amounts of ligand. This approach
is applicable to very large protein complexes such as the proteasome
or the nucleosome, provided that appropriate labeling strategies are
used such as the selective labeling of methyl groups [5]. It has been
recently shown that this approach is also applicable with non-
labeled protein samples thanks to the latest progress in NMR
spectrometer sensitivity and the use of relaxation optimized pulse
sequences such as Methyl SOFAST [6]. For proteins with molecu-
lar weights of less than 20 KDa, the common approach relies on the
cost-effective production of 15N labeled samples and the use of
highly sensitive 1H–15N HSQC correlation spectra to monitor
CSP. Here, we present a protocol enabling the equilibrium dissoci-
ation constants between a binding peptide and a small protein to be
measured with high precision and accuracy. The method relies on
the use of several low-volume samples, an approach that provides
better accuracy when compared to the classical sequential titration
method [7]. The protocol takes advantage of the ability to quantify
precisely the amount of ligand present in the different samples as an
accurate knowledge of the active concentrations of the interacting
partners determines the reliability of the final result. The practical
aspects of these measurements are illustrated using the interaction
between the third SH3 domain of Vinexinβ and a model poly-
proline peptide from the N-terminal domain (NTD) of the Reti-
noic Acid Receptor γ (RARγ) as a prototypal case (Fig. 1). In this
particular study, both accurate and precise measurements of
Kd values for different peptides are needed to understand the
molecular basis of the affinity modulation by the phosphorylation
of the RARγ NTD [8].

2 Materials

2.1 Protein

Production

The protein is obtained using heterologous expression in E coli
according a protocol that depends on the system under study.
Produce 4–5 mg of purified 15N labeled protein using adapted
expression and purification protocols (see Note 1).
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2.2 Peptide

Synthesis

Peptides are obtained from the peptide synthesis platform at
IGBMC using an ABI 443A synthesizer adapted to FMOC chem-
istry. Purify the crude peptide products by reverse phase high
performance liquid chromatography (HPLC) before a second
chromatographic purification step in a migration column contain-
ing a cluster of resin balls (stable phase). Check the purity (95 % or
better) of the resulting product by examining the HPLC elution
profile, and by analyzing the peptide by mass spectrometry and
NMR (see Note 1).

2.3 Capillary System Use 1.7 mm outer-diameter capillary system for NMR measure-
ments. This system is composed of 75 mm long capillaries capped
with a teflon tube which is placed into a sample holder. Use a
sample volume of 50 μL, which produces a filling height of
40 mm that was tested to be sufficient. The sample holders have a
standard 5 mm outer diameter upper section with a transition to a
3 mm outer diameter (60 mm long) stem. The sample holder is
reusable and fits all conventional 5 mm rotors. Fill the space
between the capillary and the sample holder with 50 μL of D2O
(deuterated water) for the external lock. The system was purchased
from “New-Era” (Vineland, NJ, USA).

Fig. 1 The titration protocol presented here is illustrated with data originating from an interaction study
between a model peptide from the proline-rich region of the RARγ NTD and the third SH3 domain of the human
Vinexinβ [8]. The residues highlighted in orange and red show Chemical Shift Perturbation (CSP) of their
1H–15N correlation peaks upon addition of increasing amounts of peptide, indicating the location of the binding
site on the protein surface. The CSP of red highlighted residues were used to fit the equilibrium dissociation
constant Kd
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2.4 NMR

Measurements

The NMR measurements should be performed using a high-field
(above 600 MHz) NMR spectrometer equipped with a triple reso-
nance cryogenic probe. Set the acquisition parameters to keep the
measurement time within reasonable limits of 1–2 h per titration
point. If available, use a sample changer to run the experiment
unattended overnight (see Note 2).

2.5 Theoretical

Aspects of Kd
Measurements from

NMR Frequencies

The binding of a ligand peptide (L) to a protein (P) to form a
peptide–protein complex (PL) is described by the following
equilibrium:

P þ L ��! ��
kon

koff
PL ð1Þ

The dissociation equilibrium constant Kd is defined as:

Kd ¼ koff
kon
¼ P½ � L½ �

PL½ � ð2Þ

Where [P], [L] and [PL] are the concentrations of the free protein,
the free ligand and the complex respectively and kon and koff the
association and dissociation rates respectively. The ability to deter-
mine the value of the dissociation constant from chemical shift
measurements depends on the exchange kinetic between free and
bound species, defined as:

kexc ¼ koff þ kon L½ � ð3Þ
For kexc values significantly larger than the NMR frequency differ-
ence 2π νbound

i � ν free
i

� �
between the bound and free states of the

protein, the observed frequency, νi is a weighted average between
the frequencies of the free and bound states:

νi ¼ x1ν
bound
i þ 1� xið Þν free

i ð4Þ

xi 2 0;1½ � is the occupancy of a given binding site i within the

protein. This averaging situation occurs when koff is rather fast,
which corresponds to ligands of weak affinity (in the micromolar
to millimolar range). Assuming that the frequency change of a
given nucleus within the protein is essentially due to local perturba-
tions, its value provides therefore a direct measurement of the
occupancy of the binding site localized in its vicinity using:

xi ¼ νi � ν free
i

νbound
i � ν free

i

ð5Þ

The subscript i highlights the unique ability of NMR spectroscopy
to measure site-specific affinity binding constants. The value of the
site-specific dissociation constant, Kd

i , is subsequently obtained
using a nonlinear fit of the following equation:
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x2i � xi 1þ L½ �0
P½ �0
þ K i

d

P½ �0

� �
þ L½ �0

P½ �0
¼ 0 ð6Þ

with: L0½ � = L½ � þ PL½ � and P0½ � = P½ � þ PL½ �
Kd

i and νi
bound are adjustable parameters to minimize the value

of the target function:

f K i
d ; ν

bound
i

� � ¼ 1

N

XN
j¼1

ν calc
i, j � νobsi, j

� �2
ð7Þ

νi,j
calc is a frequency calculated for a given total concentrations of

protein [P]0,j and ligand [L]0,j, using equations (Eqs. 4 and 6)
while νi,j

obs is the corresponding measured frequency. The subscript
j identifies each single titration point from the total number of N
different mixtures of protein and ligand.

The protein frequencies are usually measured using 15N or 13C
labeled proteins and heteronuclear correlation spectra. For small
proteins, such as a SH3 domain, 1H–15N correlation spectra pro-
vide an inexpensive and accurate way to monitor the chemical shift
perturbations induced by the binding of a ligand. Both nitrogen
and its bound amide proton frequencies are reported using a com-
posite chemical shift (frequency) usually defined as:

δcomp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ215N þ

γH
γN

δ1H

� �2
s

ð8Þ

3 Methods

3.1 Design of the

NMR Titration

Experiment

1. The feasibility of the affinity measurement by NMRwill depend
on the Kd value and the ability to get the protein and the
peptide at concentrations that are compatible with NMR mea-
surements. The minimal protein concentration required to
acquire 1H–15N heteronuclear correlation spectra varies
between 10 and 100 μM, depending on the available NMR
spectrometer. Check with classical methods (UV, DLS, . . .)
whether the protein of interest can be concentrated up to
these values using a non-labeled protein sample.

2. Check the quality of the 15N labeled sample by recording a
1H–15N HSQC spectrum of your stock protein solution at
its highest concentration. Standard large volume NMR tubes
(5 or 3 mm tubes) can be used for this purpose. Check the
stability of the protein sample at the planned measurement
temperature by recording a 1H–15N HSQC spectrum after a
few days at this temperature. The appearance of a subset of
sharp peaks is indicative of protein degradation (see Note 3).
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3. Desalt the peptide and transfer it to the buffer used for the
protein. Both steps could be done at once using a gel
filtration column such as the Superdex Peptide 10/300 GL
(see Note 4).

4. Since the method presented here is only applicable when the
protein–peptide interaction leads to a so-called “fast exchange
regime,” it is important to check whether this condition holds
true for the system of interest at an early stage of the study. This
could be done by preparing an initial sample with approxi-
mately stoichiometric concentrations of protein and peptide
and by recording a 1H–15N HSQC spectrum of this sample.
Four distinct situations may be encountered:

l The correlation map of the mixture is identical to the one
obtained for the sole protein, indicative of an absence of
interaction.

l The spectrum displays broader correlation peaks and sev-
eral peaks are missing. This case corresponds to more com-
plex situations where the protein undergoes an
intermediate time-scale exchange between two (peptide-
bound and free) or more states, preventing Kd

measurements.

l A second set of correlation peaks is observed. This is indic-
ative of a “slow exchange regime” corresponding to tight
interactions between the protein and the peptide. No
quantitative measurement of the Kd will be possible using
chemical shift measurements.

l The correlation map of the mixture contains the same
number of peaks, but several of these peaks have different
frequencies when compared to the peptide-free spectrum
of the protein. This situation will allow the measurement of
the Kd.

3.2 Measurement of

Peptide and Protein

Concentrations

Several factors do affect the accuracy and precision of equilibrium
constant measurements by NMR, the most important one being
inaccurate estimations of protein and ligand concentrations (see
Note 5). While the protein concentration may be measured with
reasonable accuracy using its absorption at 280 nm, this is not the
case for the peptides, in particular when they lack tryptophan or
tyrosine residues. It is therefore essential to ensure an accurate
measurement of protein and peptide concentrations. We report
hereafter a simple method that provides reasonable accuracy
for peptide concentration measurements by NMR (below 10 %)
(see Note 6).

1. Prepare a stock solution of tryptophan by weighting about
6 mg of L-Tryptophan (MW: 204.23 g/mol). Dissolve the
powder in 5 mL of D2O 99.9 %.
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2. Measure the concentration of the L-Tryptophan stock solution
(5–6 mM) by measuring the absorption at 280 nm (ε280
¼ 5,690 mol�1·cm�1) (see Note 7).

3. Prepare a NMR sample by mixing a small volume (10–20 μL)
of peptide (whose stock solutions are usually available at milli-
molar concentration) with (5–20 μL) of L-Tryptophan stock
solution. Complete with D2O to get a total sample volume of
150–170 μL, suitable for a 3 mm tube.

4. Record a 1D proton NMR spectrum of the sample with water
pre-saturation for solvent signal suppression. Adjust the num-
ber of scans to get a reasonable signal-to-noise ratio according
the sensitivity of your spectrometer. A long relaxation delay
(10–15 s) should be used to account for the long T1 of the
tryptophan aromatic protons (about 3 s) (Fig. 2).

5. Perform a baseline correction and integrate the signals of the
tryptophan aromatic protons as well as one or few isolated
resonance peaks of the peptide (we often use methyl groups
resonances). Compute the ratio between the areas (normalized
by the number of protons resonating at the corresponding
frequency) measured for the peptide and the tryptophan to
get the concentration of the peptide stock solution [L]0 using:

L½ �0 ¼
ALNw

AwN L

DFL

DFw
W½ �0 ð9Þ

Where AL is the areas measured under one or several peaks
corresponding toNL proton resonances of the peptide.Aw and

Fig. 2 1D proton spectrum of a mixture between a model peptide (sequence P5VP5RVYK) corresponding to the
proline-rich region of the RARγ NTD and the tryptophan solution of known concentration. The amount of
peptide required for this concentration measurement was 15–20 μg. The ratio between the averaged integrals
of the tryptophan peaks and those of the peptide indicated that the peptide was 2.3 times more concentrated
than the tryptophan. Given the concentration of the tryptophan standard, this led to concentration of
4.5 � 0.2 mM for the peptide stock solution. The relative uncertainty on the peptide concentration using
this method was 4.4 %
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Nw are the corresponding values obtained for the tryptophan
resonances. DFL and DFw are the dilution factors used to
prepare the sample from the peptide and the tryptophan stock
solutions, respectively. [W]0 is the concentration of the trypto-
phan stock solution determined in step 2.

6. Measure the protein concentration using its absorption at
280 nm.

3.3 NMR Capillaries

Preparation and NMR

Acquisition

1. Prior the titration experiment, the protein concentration
needed to achieve a reasonable signal-to-noise (S/N) ratio on
the heteronuclear 1H–15N HSQC spectra should be adjusted.
On a 700 MHz equipped with a cryoprobe, a protein concen-
tration (the SH3.3 domain of Vinexin β) of 50 to 80 μM in a
1.7 mm capillary tube provides good quality spectra. This will
highly depend on the available NMR equipment as well as on
the system under study. The use of NMR capillary tubes is of
particular interest when titration experiments have to be per-
formed in high salt concentrations (seeNote 8). As an example,
the comparison of relative sensitivity measured on SH3 samples
using standard 5 mm, 3 mm tubes and capillary tubes at
700 MHz is provided in Table 1. Despite the apparent reduced
signal-to-noise ratio observed for low-volume samples, the
relative sensitivity (sensitivity per amount of material) is signifi-
cantly increased, up to a factor of 3 with capillaries as shown in
Table 1 (see Note 9).

2. Prepare the different protein–peptide mixtures in Eppendorf
tubes. Adjust the sample volume according the capacity of the
chosen capillaries. For 1.7 mm capillaries, the volume is
adjusted to 75 μL using the protein buffer (see Note 1). Fill
the capillaries using a stretched Pasteur pipette or a Hamilton
syringe. Add 50 μL D2O in the capillary holder for external
lock. After capping the capillaries, insert them into the capillary
holder as shown in Fig. 3. As an example, we provide here a
sample preparation table (Table 2) that was used to measure the

Table 1
Experimental sensitivities per amount of protein, relative to a 5 mm (550 μL) NMR tube

Sample
geometry

550 μL 5 mm
tube 9 % D2O
in sample

180 μL 3 mm
tube 9 % D2O
in sample

50 μL capillary
9 % D2O
in sample

50 μL capillary
no D2O
in sample

Ratio of protein material 1 0.33 0.09 0.1

HSQC S/N 763 569 179 241

Relative sensitivity 1 2.26 2.61 3.16
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affinity of SH3.3 domain of Vinexin β to a proline rich peptide
from the RARγ NTD (see Note 10).

3. For each sample, record a 1H–15N HSQC heteronuclear spec-
trum with sufficient acquisition time and resolution to allow a
precise measurement of nitrogen and proton frequencies.

4. The processed spectra should be superposed in order to iden-
tify the 1H–15N correlation peaks that are subjected to the
largest frequency shifts upon addition of the peptide. Perform
a peak-picking on each spectrum in order to compute a com-
posite chemical shift perturbation using:

Δδcomp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδNð Þ2 þ γH

γN
ΔδH

� �2
s

ð10Þ

where ΔδN and ΔδH are the difference between the nitrogen
and proton chemical shifts measured with a given amount of
peptide and those measured in absence of peptide. γH and γN
are the gyromagnetic ratios of the proton and the nitrogen
respectively (see Notes 11 and 12).

Fig. 3 Preparation of capillary tubes (left) for 1H–15N HSQC measurements (right). The insert shows a close-up
on the effect of increasing amounts of peptide on the cross peak corresponding to the backbone amide proton
of Tryptophan 42, which is located within the binding site (see Fig. 1)
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3.4 Data Analysis

and Error Estimates

The first step of the analysis consists in estimating the number of
peptide binding site on the protein surface. (1) a single binding site
and one step binding mechanism are characterized by a linear
trajectory of the peak in the 1H–15N HSQC series [6, 7, 9, 20].
This should be carefully checked, as the Kd is only defined under
these conditions. (2) Further check can be performed by mapping
the location of the corresponding amino acids on the protein
structure, if both the structure and the HSQC assignment are
known (seeNote 13). (3) A last insight is provided by the numerical
analysis of chemical shift data. The fitting procedure described
below may first be applied using individual 1H–15N correlations
first to extract local Kd values. Their convergence to an identical
dissociation constant provides a strong indication that these
1H–15N sites monitor the peptide occupancy of the same binding
site (see Note 14).

1. Find the values of Kd and Δδcomp
max that leads to a minimal value

of Eq. 7. This could be performed using least-square fitting
procedures available in CcpNmr or other protein NMR
software packages. We recommend using Python scripts
which offers more flexibility in data analysis and plotting (see
Note 15). Average the Chemical shift changes of Amide
groups that belong to the same binding site in order to increase
the precision of the binding site occupancy measurement. In
case of the Vinexinβ SH3.3 domain, an average chemical shift

Table 2
Composition of samples used for the titration of the C-terminal SH3 domain of human Vinexin β with
the P5VP5RVYK peptide

Sample
N�

Conc.
Peptide
stock (μM)

Volume
SH3
(μL)

Volume
peptide
(μL)

Volume
buffer (μL)

Conc.
SH3
(μM)

Conc.
peptide
(μM)

Stoichiometric
ratio

1 45 15 0 60 64.4 0 0

2 45 15 18 42 64.4 10.8 0.17

3 450 15 3 57 64.4 18 0.28

4 450 15 6 54 64.4 36 0.56

5 450 15 15 55 64.4 90 1.40

6 4,500 15 3 57 64.4 180 2.80

7 4,500 15 6 54 64.4 360 5.59

8 4,500 15 12 48 64.4 720 11.18

9 4,500 15 16 44 64.4 960 14.91

10 4,500 15 30 30 64.4 1,800 27.95

11 4,500 15 50 10 64.4 3,000 46.58
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perturbation was calculated from 10 1H–15N correlations
corresponding to residues Q19, N20, N20Nδ, M35, W42,
W42Nε, T55, N59Nδ, Y60, and V61 (highlighted in Fig. 3).

2. Estimate the uncertainty on the resulting Kd values. This is
done using a Monte Carlo simulation where synthetic datasets
are generated and subsequently fitted. These synthetic datasets
are generated using a Gaussian distribution of Δδcomp using
the values calculated from the first fit as the mean and the
root-mean square deviation (the square root of Eq. 7) as the
standard deviation. The uncertainties on protein and peptide
concentrations are taken into account by generating distribu-
tions of peptide and protein total concentrations around
the initial values. The width of the distribution is given by the
uncertainties on the concentrations (see Note 16). As concen-
tration values can’t be negative, the Log-normal distribution
is chosen to generate the distribution of concentration
values [10]. The distribution width is then directly given by
the relative uncertainties on the measured concentrations
(see Notes 17 and Note 18).

4 Notes

1. The protocol used to purify the C-terminal SH3.3 domain of
human Vinexinβ (REFSEQ: NP 001018003) was a classical
two steps purification protocol (Glutathione affinity and gel
filtration) that is described in ref. 8. Alternatively, 13C, 15N
double-labeled proteins are also suitable for titration experi-
ments. The final buffer was a low salt phosphate buffer with
20 mM sodium phosphate at pH 7.0, 100 mM NaCl.

2. We used a BRUKER Avance III 700 MHz spectrometer
equipped with a TCI cryoprobe and a BACS60 sample changer.
1H–15N-HSQC spectra were recorded with 32 scans and 128
data points in the indirect dimension resulting in a total acqui-
sition time of 90 min per sample.

3. Several precautions may be used to prevent, or at least slow
down protein degradation. Antiproteases are usually added to
the final sample as well as sodium azide (NaN3) (0.01 % w/v)
used as an antibacterial. If the protein sequence contains free
cysteines, we usually add reducing agents such as Dithiothreitol
(DTT) or TCEP (Tris(2-carboxyethyl)phosphine). In that case,
all used buffers should be carefully degassed and oxygen
removed from the sample by Helium or Argon bubbling.

4. Protocols used for peptide synthesis and purification lead to the
presence of significant amount of trifluoro acetic acid (TFA)
salts in dry peptide samples. NMR provides an accurate method
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to check both the efficiency of the desalting procedure and
the purity of the final peptide solution by recording 1H and 19F
1D spectra of the stock peptide solution. Depending on the
peptide sequence, we found that the gel filtration desalting
methodmay leave significant amounts of residual trifluoroacetate
salts in the final sample. In this case, more efficient protocols
should be considered [11].

5. Over or underestimated values of the peptide stock concentra-
tion have a dramatic impact on theKd values resulting from the
fit of Eq. 7. This effect can be evaluated by performing Monte
Carlo simulations with systematically biased values of ligand
concentrations (20 or 40 % above or below the true value, as
shown in Fig. 4 and Table 3). The results obtained indicate that
a concentration of ligand peptide that is underestimated by
20 % leads to an overestimation of the affinity by a factor of
30 % (The apparent Kd value is 36 μM instead of 52 μM). This
large effect is due to the high correlation that exists between the
different measurement points since the corresponding pro-
tein–peptide mixtures are usually prepared from the same pep-
tide stock solution.

6. A method has been recently proposed to compute the molar
absorptivity of a protein or peptide at 205 nm from its amino
acid sequence, providing an alternative for quantifying peptides

Fig. 4 Least-square fit of the chemical shifts perturbation data measured for the interaction between the
P5VP5RVYK model peptide and the Vinexinβ SH3.3 domain. (a) Semi-log plot of the composite chemical shifts
computed from ten residues of SH3.3 as a function of peptide concentrations. Pseudo experimental points
generated for the Monte Carlo estimate of the uncertainty on the Kd value are shown in gray. These points are
distributed according to a gaussian distribution for theΔδ values and according to a log-normal distribution for
the peptide and protein concentrations. (b) Distribution of the two fitted parameters after the Monte Carlo
procedure. The concentration uncertainties were estimated to be 10 % for the SH3.3 protein and between 4
and 5 % for the peptide. The calculations were performed for a peptide stock solution whose concentration
was either underestimated by a factor of 0.6 and 0.8 (yellow and red), or overestimated by 1.2 and 1.4 (green
and blue). The black points reflect the effect of pure random noise of the fitting procedure as the concentration
of peptide stock solution is considered to be accurate
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lacking tryptophan or tyrosine residues [12]. Combining this
measurement with the quantitative evaluation of peptide con-
centration by NMR provides an interesting way to get robust
estimates of concentrations. Other methods have been pro-
posed for protein concentrations measurements by NMR,
such as PULCON for instance [13].

7. In order to increase the precision of this OD measurement, we
usually perform several OD280 nm measurements with targeted
absorption values of 0.8, 0.4, 0.2, and 0.1. The linear regres-
sion of this series of measurements is used to provide an esti-
mation of the uncertainty on the Tryptophan stock solution
concentration.

8. The Signal-to-Noise ratio (S/N) in NMR may be written as:

S=N / M 0B1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P s T a þ T sð Þ þ P c T a þ T cð Þp ð11Þ

where M0 is the spin magnetization, B1 the radio-frequency
(RF) field intensity applied to the sample, and Pc and Ps are the
RF power absorbed by the coil and by the sample, respectively.
Tc and Ts are the temperature of the coil and the sample,
respectively, while Ta is the noise temperature of the preampli-
fier [14–16]. Recent progress in NMR probe development,
most notably the development of cryogenic probes, improved
the S/N by lowering Tc and Ta down to 10–25 K and by
reducing Pc by optimizing the coil quality factor (see ref. 16).

Table 3
Average values and standard deviations of dissociation constants (Kd) and chemical shift
perturbations (Δδmax) values computed from Monte Carlo calculations

Relative uncertainties (one standard deviation) on peptide concentrations

10 % 20 % 30 % 40 % 50 %

Kd (μM) 52.3 � 5.6 52.0 � 9.9 52.5 � 14.6 53.9 � 19.8 52.3 � 22.3

Δδmax (ppm) 0.257 � 0.002 0.256 � 0.003 0.256 � 0.005 0.256 � 0.006 0.255 � 0.007

Ratio between measured and real peptide concentrations

0.6 0.8 1. 1.2 1.4

Kd (μM) 19.6 � 3.8 35.6 � 4.2 52.1 � 5.4 69.8 � 6.1 87.4 � 7.3

Δδmax (ppm) 0.252 � 0.003 0.255 � 0.002 0.257 � 0.002 0.258 � 0.002 0.259 � 0.002

Experimental chemical shifts were obtained from the interaction of the P5VP5RVYK peptide with the Vinexinβ SH3.3
domain. The uncertainty of the SH3.3 protein concentration was estimated to be 10 %. The fitted values are reported for

different uncertainties of the peptide concentrations (upper panel) or for a systematic error on peptide stock solution

(lower panel).
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There remains room for S/N optimization on the Ps term,
which is mostly dependent on the sample itself because of
dielectric losses. It is known that the RF power dissipated in
the sample depends on the dielectric constant of the medium
which is very much dependent on the type of solvent and on the
ionic strength when working in H2O. Thus, the Ps term
depends on the distribution of the electric field within the
sample geometry and on the strength of the RF irradiation
(expressed as its angular frequency ω1) with:

PS / ω2
1 ð12Þ

Because of this dependency, Ps losses become more prominent
with increasing fields. On a given probe, reducing the internal
diameter of the NMR tube with a capillary system has two
opposite effects on the overall sensitivity of the measurement.
First, reducing the sample volume at a given concentration
results in a loss of signal due to a proportional reduction of
sample quantity. However, the power dissipated within the
sample Ps is also reduced and so is the noise, leading to a
potential improvement of the S/N. The balance between
these two effects strongly depends on the nature of the sample
itself, and the amount of the overall effect is not directly pre-
dictable. Finally, it should be mentioned that the use of capil-
lary tubes centers the sample in the inner volume of the coil
where the electric field is minimum and the impact on Ps and
thus on the noise is maximum. This effect has been studied
[17] and it was shown that in high salt conditions it is actually
beneficial in terms of S/N to reduce the NMR tube diameter
while keeping all concentrations constant.

9. This gain results from several factors. First, the signal noise
arising from RF losses in the sample itself is minimized in
small diameter tubes due to a lower value of Ps, the RF power
dissipated within the sample (see Note 8). This effect will be of
increasing importance if high salt concentrations are required
for the protein buffer and if a cryogenically cooled probe is
used. A second source of sensitivity gain originates from a more
optimal use of the sample volume as only about 30 % of the
sample volume is outside the RF coil. On 5 mm tubes, suscep-
tibility matched NMR tubes or plugs (Shigemi tubes) are usu-
ally used to compensate this effect, allowing doubling the
relative sensitivity. Though the handling of these systems is
cumbersome, the susceptibility matched approach can also be
applied on capillary tubes, with a potential further 43 % gain in
relative sensitivity. Finally, the use of an external lock implies
that there is no need to add deuterium into the sample itself
which otherwise leads to an additional loss of signal due to
deuterium exchange of the amide protons. Notably, the
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capillary sample lacking 9 % D2O enables another 21 % of gain
in relative sensitivity.

10. In our example, the concentration of the protein is constant
while the peptide concentration varies. It has been shown that
an optimal sampling is achieved when both the protein and
peptide concentrations are varied together [18].

11. Peak picking is usually performed using the software packages
dedicated to protein NMR spectra analysis such as SPARKY
(http://www.cgl.ucsf.edu/home/sparky), CcpNmr Analysis
(http://www.ccpn.ac.uk) or CARA (http://cara.nmr.ch).
Peak tracking can be performed with algorithms such as
described in [19] for instance.

12. The ratio γH/γN is a weighting factor that compensates the
difference of chemical shift ranges between proton and nitro-
gen frequencies. Its precise value is of little importance and
there are also other weighting factors described in the
literature.

13. The resonance assignment of a variety of proteins can be
obtained from the Biological Magnetic Resonance Data Base
(BMRB) at http://www.bmrb.wisc.edu/.

14. The knowledge of the resonance assignments is not required to
identify two binding sites if their affinity are different and if this
difference could be resolved by NMR titration experiments as
shown in [6].

15. The set of Python script used to analyze the interaction
between the Vinexinβ SH3.3 domain and the P5VP5RVYK
RARγ model peptide is available at http://zenodo.org (doi:
10.5281/zenodo.11663).

16. The propagation of uncertainties of volume measurements
follows the general law:

u2 yð Þ ¼
XN
i¼1

∂f
∂xi

� �2

u2 xið Þ þ 2
XN�1
i¼1

XN
j¼iþ1

∂f
∂xi

∂f
∂xj

cov xi; xj
� �

ð13Þ
where u(y) is the uncertainty on the concentration that depends
on several variables (y ¼ f (xi)) depending on the specific
scheme that is used for sample preparation. The covariance
(y ¼ f (xi)) was set to 1 for volumes if the same pipette was
used twice, and for concentrations when the same solution was
used. The calculation of uncertainty propagation used for the
Vinexinβ work is available at the following address: http://
zenodo.org (doi: 10.5281/zenodo.11663).

17. Two main types of uncertainties have to be distinguished: an
erroneous estimation of the peptide stock solution will lead to a
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systematic bias in the resultingKd values, while pipetting errors
will introduce random noise on the measurements. We have
simulated both effects and the resulting uncertainties on fitted
parameters are shown in Table 3. While a random noise of 20 %
on the peptide concentration leads to a resulting relative uncer-
tainty of 20 % on the Kd value, a 20 % underestimation of the
peptide concentration leads to overestimation of the affinity by
more than 30 % (36 μM instead of 52 μM). This emphasizes the
importance of having the most accurate peptide concentration
values before undertaking affinity measurements by NMR or by
any other methods.

18. In order to provide a quantitative estimation of these effects,
we performed formal calculations to compute the uncertainties
on the protein and peptide concentrations for each point of the
titration that arise from the uncertainties of volume measure-
ments. These later values were taken from the specifications
provided by the pipette manufacturer (Gilson Inc.). The result-
ing absolute and relative uncertainties on the ligand concentra-
tions together with their impact on the resulting Kd are
reported in Table 4. The parallel titration protocol leads to

Table 4
Comparison of the uncertainties on ligand concentrations for sequential or
parallel titration experiments

Absolute (μM) and relative ligand
concentration uncertainties

Sample
number

Peptide
concentration (μM)

Sequential
titration scheme

Parallel
titration scheme

0 0.0

1 10.8 4.8 % (0.52) 4.9 % (0.53)

2 18.0 3.7 % (0.66) 4.9 % (0.89)

3 36.0 4.1 % (1.49) 4.8 % (1.74)

4 90.0 5.4 % (4.84) 4.8 % (4.28)

5 180.0 5.8 % (10.5) 4.8 % (8.66)

6 360.0 6.7 % (24.3) 4.7 % (16.9)

7 720.0 7.4 % (53.5) 4.6 % (33.3)

8 960.0 6.4 % (61.9) 4.6 % (44.3)

9 1800.0 7.0 % (126.3) 4.6 % (82.7)

10 3000.0 5.1 % (152.7) 4.5 % (135.4)

Max uncertainty: 7.4 % 4.9 %
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maximal relative error on ligand concentrations of 4.9 %, a
value that is lower than the one obtained (7.4 %) if the experi-
ment would have been performed using a regular sequential
addition of ligand to the same tube. It is worth noting that this
calculation is probably underestimating the uncertainty asso-
ciated with the sequential titration protocol as the multiple
manipulations of the same tube will lead to unavoidable losses
of sample volume, in particular when susceptibility matching
tubes are used.
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Chapter 23

Characterization of the Binding Strengths Between
Boronic Acids and cis-Diol-Containing Biomolecules
by Affinity Capillary Electrophoresis

Chenchen L€u and Zhen Liu

Abstract

The affinity of boronic acids toward cis-diol-containing biomolecules has found wide applications in many
fields, such as sensing, separation, drug delivery, and functional materials. A sound understanding of the
binding interactions will greatly facilitate exquisite applications of this chemistry. Traditional techniques are
associated with some apparent drawbacks, so they are only applicable to a limited range of boronic acids and
cis-diol-containing biomolecules. This chapter describes an affinity capillary electrophoresis (ACE) method
for the characterization of the binding strengths between boronic acids and cis-diol-containing biomole-
cules. As compared with existing approaches, such as 11B NMR, the ACE method exhibits several signifi-
cant advantages: (1) possibility of simultaneous study of multiple interactions, (2) low requirement on the
purity of the binding species, (3) widely applicable to almost all types of cis-diol-containing compounds and
boronic acids, and (4) high accuracy and precision.

Key words Affinity capillary electrophoresis, Boronate affinity, Binding strengths, Boronic acids,
Cis-diol-containing biomolecules

1 Introduction

Boronic acids can covalently react with cis-diol-containing
compounds to form five- or six-membered cyclic esters in an aque-
ous solution with relatively high pH (usually �8.5, but reduced to
�4.5 recently) while the esters dissociate when surrounding pH is
changed to a much lower value (<3.0) or a competing cis-diol-
containing compound is added to the surrounding solution. The
affinity of boronic acids toward cis-diol-containing compounds has
found wide applications in many fields, such as sensing [1–3],
separation [4–6], functional materials [7–11], and drug delivery
[12–15]. A sound understanding of the binding interactions will
greatly facilitate exquisite applications of this chemistry. 11B-NMR
(nuclear magnetic resonance) spectroscopy method [16–19] and
Alizarin Red S (ARS) assay [20–22] are two widely used methods
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for the characterization of the interactions between boronic acids
and cis-diol-containing compounds. However, these methods are
associated with apparent drawbacks. The 11B-NMR spectroscopy
method suffers from low sensitivity, poor peak resolution, and high
concentration requirement [17]. The high concentration require-
ment of ARS assay limits its application. Although other methods,
including surface plasmon resonance (SPR) [23, 24], UV/Vis
absorption spectroscopy [25], 1H-NMR spectroscopy [26], and
circular-dichroism spectroscopy [27] have also been employed
occasionally, these methods are only applicable for a small range
of boronic acids and cis-diol-containing compounds due to their
requirement for complicated immobilization process or special
spectral characteristics. Clearly, a convenient method applicable to
all types of boronic acids and cis-diol-containing compounds is of
great importance.

Recently, an affinity capillary electrophoresis (ACE) method
has been established and validated for the characterization of the
binding strengths between boronic acids and cis-diol-containing
biomolecules [28]. As compared to existing approaches, such as
11B-NMR spectroscopy and ARS assay, the ACE method exhibits
several significant advantages: (1) possibility of simultaneous study
of multiple interactions, (2) low requirement on the purity of the
binding species, (3) widely applicable to almost all types of cis-diol-
containing compounds and boronic acids, and (4) high accuracy
and precision. This chapter describes detailed procedures of this
method.

1.1 Theory The ACE method is a mobility shift-based assay, in which the
binding constant is measured according to the mobility shift of
one of the binding species upon binding with the other species.
Boronic acid or cis-diol-containing biomolecules can act as target,
the other one acts as ligand, varying amounts of ligand is added to
the running buffer to form kinetic equilibrium between free target
and bound target. The association constant value is calculated from
the dependency of the electrophoretic mobility shifts of target
molecules on the concentrations of ligands added to the running
buffer.

For binding between target T and ligand L with a 1:n stoichi-
ometry, the equilibrium and apparent association constant (Ka) are
expressed as:

T þ nL ��!K a
TLn ð1Þ

K a ¼ TLn½ �
T f½ � Lf½ �n ð2Þ

where [TLn], [Tf], and [Lf] are the concentrations of the complex,
the free target, and the free ligand, respectively. When the ligand is
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in large excess, the bound target fraction ([TLn]/[T0]) can be
expressed as:

TLn½ �
T 0½ � ¼ Lf½ �n

1=K a þ Lf½ �n ð3Þ

where [T0] is the initial concentration of the target. A kinetic
equilibrium between free target and bound target is established
by adding ligand of varying concentration to the running buffer
while fixing the concentration of target injected into the separation
column. The kinetic equilibrium will give rise to electrophoretic
mobility shift of the target. Assuming the mobility shift of the
target is proportional to the number of ligands bound with each
target molecule, the electrophoretic mobility of the target (μi) with
the presence of ligand in the running buffer can be expressed as a
combination of the electrophoretic mobility of free target (μf) and
of bound target (μb), as shown below [29]:

νμi ¼
TLn½ �
T 0½ � μb þ

T f½ �
T 0½ � μf , ν ¼ η=η0ð Þ ð4Þ

where v is the viscosity correction factor to enhance the measure-
ment accuracy, η and η0 the viscosity of the running buffer with or
without ligand, respectively. The electro-osmotic flow (EOF) can
be experimentally measured using a neutral molecule, and thus μf
can be experimentally measured with the absence of ligand in the
running buffer. Combining Eqs. 3 and 4, the relationship between
the mobility shift of the target (νμi � μf ) and the free concentration
of the ligand can be expressed as [30]:

vμi � μfð Þ ¼ μb � μfð Þ Lf½ �n
1=K a þ Lf½ �n ð5Þ

where [Lf] can be approximated as the initial concentration of the
ligand added to the running buffer, assuming that the ligand is in
large excess. The mobility shift of target is experimentally
measured, while the mobility shift of bound target (μb � μf ) is a
constant. Equation 5 is also called Hill equation. As a special case,
for a 1:1 binding system, n ¼ 1, thus Eq. 5 changes as:

νμi � μfð Þ ¼ μb � μfð Þ Lf½ �
1=K a þ Lf½ � ð6Þ

By varying the concentration of ligand a series of mobility shift data
can be obtained. Thus, Ka can be obtained through nonlinear
regression of (μb � μf ) against [Lf] according to Eq. 5 or 6. If a
compound contains only one pair of cis-diol group, Eq. 6 should be
applied. If a compound contains two or more pairs of cis-diol
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group, such as glycoproteins, Eq. 5 should be applied. The n value
obtained from Eq. 5 indicates the cooperativity of multiple binding
between the compounds with boronic acids.

2 Materials

The instrument of capillary electrophoresis (CE) is equipped with
temperature control system (see Note 1), a UV absorbance detec-
tor, a PDA (photodiode array) detector, and CE software for
system operation and data acquisition and processing.

2.1 Interactions

Between Boronic Acids

and Monosaccharides

1. 50 mM phosphate buffer. Weigh 9.0 g Na2HPO4�12H2O to a
glass beaker, add 200 mL water to dissolve, transfer to a volu-
metric flask and make up to 500 mL with water, name this
solution A. Second, weigh 3.9 g NaH2PO4�2H2O to a glass
beaker, add 200 mL water to dissolve, transfer to a volumetric
flask and make up to 500 mL with water, name this solution B.
By mixing solution A and solution B, adjust the pH value to
7.4 at 4 �C and prepare new buffer every week (see Note 2).

2. Prepare 100 mM fructose stock solution (see Note 3). Weigh
0.450 g fructose to a tube, add 10 mL phosphate buffer at
pH 7.4 to dissolve (see Note 4), transfer to a volumetric flask
and make up to 25 mL with phosphate buffer at pH 7.4.

3. Running buffers are a series of solutions with different concen-
tration of fructose. Measure 0, 75, 150, 200, 300, 375, 500
and 750 μL fructose stock solution, add phosphate buffer to
5.0 mL to prepare fructose solutions at the concentration of 0,
1.5, 3.0, 4.0, 6.0, 7.5, 10.0 and 15.0 mM (see Note 5).

4. DMSO stock solution: add 10 μL DMSO into 490 μL phos-
phate buffer to make 2 % (v/v) DMSO solution, stock at 4 �C
and prepare new solution every week.

5. Boronic acid stock solutions: prepare stock solutions for
each boronic acid. Weigh boronic acids 50 μmol each, for
instance, 6.1 mg for phenylboronic acid, 8.3 mg for
3-carboxyphenylboronic acid, dissolve in 1 mL phosphate
buffer by vortexing and ultrasound, respectively, to make
50 mM stock solutions (see Note 6), then dilute to 1 mM
stock solution by adding 20 μL 50 mM stock solution to
980 μL phosphate buffer.

6. Samples: take DMSO stock solution (1 μL) and boronic acid
stock solutions (1 μL each) into a sample tube, add phosphate
buffer to make the sample volume to 20 μL. The samples
contain 0.1 % (v/v) DMSO and 50 μM (see Note 7) boronic
acids each under investigation (see Note 8).
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7. A fused-silica capillary of 50 μm i.d. � 60 cm (50 cm to detec-
tor) is used for the ACE assay.

8. 1 M NaOH. Weigh 2.0 g NaOH to a 50 mL glass beaker. Add
about 25 mL water to dissolve and make up to 50 mL with
water.

9. 0.1 M NaOH. Mix 10 mL 1 M NaOH with 90 mL water.

10. 0.1 % (v/v) DMSO solution: mix 1 μL DMSO stock solution
and 19 μL phosphate buffer.

11. The electropherograms are recorded at 214 nm.

2.2 Interactions

Between Boronic Acid

and Nucleosides

(See Note 9)

1. Prepare 50mMphosphate buffer at pH8.5 (see Subheading2.1).

2. 1MNaOH in 50mMphosphate buffer. Weigh 2.0 g NaOH to
a 50 mL glass beaker. Add about 25 mL 50 mM phosphate
buffer to dissolve and make up to 50 mL with 50 mM phos-
phate buffer.

3. 50 mM 3-carboxyphenylboronic acid stock solution. Weigh
0.415 g 3-carboxyphenylboronic acid, dissolve in about 30 mL
phosphate buffer, adjust the pH value to 8.5 with 1MNaOH in
phosphate buffer, transfer to a volumetric flask and make up to
50 mL with phosphate buffer at pH 8.5 (seeNote 10).

4. 50mMbenzoic acid stock solution.Weigh 0.305 g benzoic acid,
dissolve in about 30mL phosphate buffer, adjust the pH value to
8.5with 1MNaOH in phosphate buffer, transfer to a volumetric
flask and make up to 50 mL with phosphate buffer at pH 8.5.

5. Running buffers are a series of solutions with different concen-
tration of 3-carboxyphenylboronic acid. Measure 0, 50, 70,
100, 120, 150, 200, 300 and 500 μL 3-carboxyphenylboronic
acid stock solution. Add benzoic acid stock solution to 5.0 mL
to prepare 3-carboxyphenylboronic acid solutions at the con-
centration of 0, 0.50, 0.70, 1.0, 1.2, 1.5, 2.0, 3.0 and 5.0 mM
(see Note 11).

6. The sample contains 20 μM adenosine and 0.1 % (v/v) DMSO.
Weigh 2.7 mg adenosine, dissolve in 1 mL benzoic acid stock
solution to prepare 10 mM adenosine solution. Measure 2 μL
10 mM adenosine solution, 1 μL DMSO, mix with 997 μL
benzoic acid stock solution.

7. Record the electropherograms at wavelength of 214 and
254 nm.

2.3 Interactions

Between 3-

Carboxyphenylboronic

Acid and Glycoproteins

1. 50 mM 3-carboxyphenylboronic acid stock solution and
50 mM benzoic acid stock solution. To prepare the two stock
solutions follow the same procedures described in
Subheading 2.2.

2. Running buffers are a series of solutions with different
concentration of 3-carboxyphenylboronic acid. Measure 0,
0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 2.50, 3.00 and 4.00 mL
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3-carboxyphenylboronic acid stock solution, add benzoic acid
stock solution to 5.0 mL to prepare 3-carboxyphenylboronic
acid solutions at the concentration of 0, 2.5, 5.0, 7.5, 10.0,
15.0, 20.0, 25.0, 30.0 and 40.0 mM.

3. Protein stock solutions. Weigh 1 mg horseradish peroxidase
(HRP), 1 mg ribonuclease B (RNase B) and 1 mg ribonuclease
A (RNase A) dissolved in 50 μL benzoic acid stock solution
separately to prepare protein stock solutions with the concen-
tration of 20 mM.

4. HRP samples. Each HRP sample contains 1 μL HRP stock
solution, 1 μL DMSO stock solution, and 18 μL individual
running buffer (see Notes 12 and 13).

5. RNase B samples. Each RNase B sample contains 1 μL RNase B
stock solution, 1 μL DMSO stock solution, and 18 μL individ-
ual running buffer (see Note 12).

6. RNase A samples. Each RNase A sample contains 1 μL RNase A
stock solution, 1 μL DMSO stock solution, and 18 μL individ-
ual running buffer (see Note 12).

7. Monitor the electropherograms at 214 nm.

3 Methods

3.1 Measurement

of the Interactions

Between Boronic Acids

and Monosaccharides

1. Unless specified, CE experiments are performed at 30 �C under
optimum voltage settings (typically 18 kV) and UV data are
acquired using PDA detector.

2. Prior to each run, the capillary is sequentially rinsed at 138 kPa
with 0.1 M NaOH for 2 min and running buffer for 2 min
(see Note 14).

3. Samples were injected under pressure at 3.45 kPa for 5 s.

4. Run CE experiments for boronic acids samples. Run three
times under each running buffer.

5. Determine the peaks belonging to DMSO and boronic acids
(see Note 15).

6. Calculate electro-osmotic flow (EOF) and apparent mobility of
the boronic acids in each CE experiment (see Note 16). The
mobility of boronic acid (μi) is the difference between the
apparent mobility of the boronic acid and the EOF. When
there is no fructose added in the running buffer, the mobility
of free boronic acid (μf) is obtained.

7. Measure the migration time of a plug of 0.1 % (v/v) DMSO,
under a pressure of 34.5 kPa, within the same capillary filled
with the running buffer under investigation.

8. Determine the viscosity (v) from separate measurement of the
migration time of DMSO plug, viscosity correction factor
ν ¼ t/t0 (see Note 17).
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9. The relationship between the mobility shift of boronic acids
with the presence of monosaccharide in the running buffer and
the free concentration of sugar are shown in Eq. 6, where [Lf] is
the initial concentration of the fructose added to the running
buffer (approximated, provided that the sugar is in large
excess). The mobility shift of target boronic acid (νμi � μf) is
experimentally measured, while the mobility shift of the bound
boronic acid (μb � μf) is a constant. By varying the concentra-
tion of fructose, a series of mobility shift data can be obtained.
Thus, Ka can be calculated (see Note 18).

3.2 Measurement

of the Interactions

Between Boronic Acids

and Nucleosides

1. Run CE experiments for adenosine sample by following steps
1–4 in Subheading 2.1, running buffers are the series of solu-
tions with different concentration of 3-carboxyphenylboronic
acid in Subheading 2.2.

2. Calculate EOF and apparent mobility of adenosine in each CE
experiment. Data of EOF are from the electropherograms
recorded at a wavelength of 214 nm and data of apparent
mobility of adenosine are from the electropherograms recorded
at a wavelength of 254 nm.

3. Calculate Ka through nonlinear regression of the mobility shift
against the concentration of 3-carboxyphenylboronic acid
added in running buffer using Eq. 6.

3.3 Measurement

of the Interactions

Between Boronic Acid

and Proteins

1. Run CE experiments for protein samples by following items
1–4 in Subheading 2.1, running buffers are the series of solu-
tions with different concentration of 3-carboxyphenylboronic
acid in Subheading 2.3.

2. Calculate EOF and apparent mobility of proteins in each CE
experiment, then calculate the mobility of protein (μi). When
there is no boronic acid added in the running buffer, the
mobility of free protein molecule (μf) is obtained.

3. Equation 5 is used to measure the dissociation constant
(seeNote 19). The mobility shift of protein (νμi � μf) is exper-
imentally measured (see Note 20), while the mobility shift of
the bound protein (μb � μf) is a constant.

4 Notes

1. The temperature effect on the binding constant may be signifi-
cant, and therefore a temperature control system is required.

2. Bacteria can grow in phosphate buffers under room
temperature.

3. The highest concentration of running buffers and the price of
the sugar are taken into account when selecting the
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concentration of sugar stock solutions. The concentration of
sugar in stock solution must be higher than its highest concen-
tration in running buffers.

4. Prepare stock solution for each monosaccharide at different pH
values by adding monosaccharides into 50 mM phosphate
buffer of the pH value under investigation.

5. Running buffers are a series of solutions containing different
concentrations of ligand. The lowest and highest concentration
is determined by the binding constants of the measured system.
To minimize the error, only data measured from monosaccha-
ride concentrations between 0.25 and 4Ka are used to calculate
the binding parameters.

6. Some boronic acids are hard to dissolve in neutral or weak acidic
pH environment. If neither vortexing nor ultrasound can help,
add 1MNaOH in 50mMphosphate buffer (less than 50 μL) to
neutralize the boronic acid and increase its solubility.

7. The boronic acid sample concentration is determined by the
limit of detection (LOD) of the CE method and the lowest
concentration of fructose in running buffer. The LOD of UV
detector for boronic acid is at micromolar level, while the LOD
of DAD (diode array) detector for boronic acid is little higher.
To ensure accuracy of the mobility data, concentrations of
boronic acids used here are higher than 10�5 M. The concen-
tration of boronic acids in sample also should be much lower
than the lowest concentration of fructose in running buffer,
usually lower than one-tenth of that, to ensure a constant
concentration of fructose in running buffer. In this experiment,
the lowest concentration of fructose in running buffer is
1.5 mM, thus the concentration of boronic acids in the sample
should be lower than 150 μM.

8. Generally, 3–5 boronic acids can be added into one sample, as
long as these boronic acids can be separated completely.

9. In this part, the measurement of the interactions between
3-carboxyphenylboronic acid and adenosine is used as an
example. Interactions between other kinds of boronic acids
and nucleosides can also be measured by ACE. Different
nucleosides can simultaneously be measured in one experiment.

10. The addition of 3-carboxyphenylboronic acid will change the
pH value of the phosphate buffer significantly. In the process of
preparing 50 mM 3-carboxyphenylboronic acid stock solution,
the pH should be adjusted to the desired value before the
solution is transferred to a volumetric flask.

11. The two stock solutions are mixed to prepare running buffers
with different concentrations of 3-carboxyphenylboronic acid
but with similar ionic strength. Changes in ionic strength of the

304 Chenchen L€u and Zhen Liu



running buffer will have significant influence on the mobility of
analyte.

12. For running buffers with concentration of 3-carboxyphenyl-
boronic acid below 10.0 mM, prepare samples by mixing
0.5 μL protein stock solution, 1 μL DMSO stock solution and
18.5 μL running buffer to increase the precision.

13. To avoid apparent negative peaks derived from the concentration
variation of boronic acid in running buffers, protein samples
should be prepared with individual running buffers. Such a tip
can improve the accuracy of the measured mobility of protein.

14. When a new capillary is used, the capillary is sequentially rinsed
at 138 kPa with methanol for 5 min, 1MNaOH for 5 min then
followed by the daily procedure. Before each CE experiment
every day, the capillary is sequentially rinsed at 138 kPa with
0.1 M NaOH for 25 min, running buffer for 25 min, and
equilibrate under running voltage for 10 min.

15. To determine to which peak a boronic acid belongs, one can
run CE experiments for single boronic acid containing samples.

16. Apparent mobility data can be easily obtained using commer-
cial software such as 32 Karat from Beckman Coulter. One can
calculate the apparent mobility data manually according to
migration times of the peaks.

17. The viscosity correction factor (ν) is used to enhance the mea-
surement accuracy (ν ¼ η/η0, η and η0 are the viscosity of the
running buffer with or without ligand, respectively). The
migration time of a plug of DMSO under a little pressure is
proportional to the viscosity of the running buffer. Thus,
ν ¼ t/t0.

18. Use a data analysis software with the function to do nonlinear
regression. As a choice, one can also transfer the nonlinear
function to a linear function, and do linear regression to obtain
the value of Ka. Between the Ka data obtained from nonlinear
regression and linear regression, there is little deviation. When
there is significant error in the mobility shift data, the difference
between theKa data from the two regression methods becomes
significant. Usually, the Ka data from nonlinear regression have
smaller errors.

19. Equation 5 is valid only when the boronic acid is in large excess.
Thus, the concentration of free boronic acid can be approxi-
mated as the concentration of the boronic acid added into the
running buffer.

20. As the addition of boronic acid solution does not increase the
viscosity of running buffers as significant as the addition of
sugars, the viscosity correction factor ν can be estimated to be
approximately 1.
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Chapter 24

Determination of the Kinetic Rate Constant of Cyclodextrin
Supramolecular Systems by High-Performance Affinity
Chromatography

Jiwen Zhang, Haiyan Li, Lixin Sun, and Caifen Wang

Abstract

The kinetics of the association and dissociation are fundamental kinetic processes for the host–guest
interactions (such as the drug–target and drug–excipient interactions) and the in vivo performance of
supramolecules. With advantages of rapid speed, high precision and ease of automation, the high-
performance affinity chromatography (HPAC) is one of the best techniques to measure the interaction
kinetics of weak to moderate affinities, such as the typical host–guest interactions of drug and cyclodextrins
by using a cyclodextrin-immobilized column. The measurement involves the equilibration of the cyclodex-
trin column, the upload and elution of the samples (non-retained substances and retained solutes) at
different flow rates on the cyclodextrin and control column, and data analysis. It has been indicated that
cyclodextrin-immobilized chromatography is a cost-efficient high-throughput tool for the measurement of
(small molecule) drug–cyclodextrin interactions as well as the dissociation of other supramolecules with
relatively weak, fast, and extensive interactions.

Key words Dissociation rate constant, High-performance affinity chromatography (HPAC),
Immobilized cyclodextrin chromatography, Non-retained substances

1 Introduction

The kinetics of the association and dissociation are fundamental
kinetic processes for the interactions of host–guest (such as
drug–target and drug–excipient interactions) and the in-vivo
performance of supramolecules [1–5], for which the quantitative
determination has been proved challenging [6–8]. The relaxation
time of the supramolecules is short (<1 s) and the high time
resolution required is difficult to achieve [9]. Kinetic studies are
necessary to provide the “movie” in addition to the “snapshots”
taken from structural and thermodynamic measurements (as shown
in Eqs. 1 and 2) [10].
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D þ CD ��! ��
ka

kd
D � CD ð1Þ

K a ¼ ka
kd

ð2Þ
where ka and kd are association and dissociation rate constants,
respectively. These two parameters are also named as on-rate (kon)
and off-rate (koff) constants in kinetic studies for drug–target
interactions.

Up to now, few studies have been reported on the determina-
tion of kinetic rate constants of cyclodextrin supramolecules [11].
Fluorescence correlation spectroscopy (FCS) [12] has been
employed to compare the complexation kinetics of pyronines and
to analyze the individual steps of association and dissociation.
However, this is not applicable to most molecules without fluores-
cence. Recently, surface plasmon resonance (SPR) [13] and capil-
lary electrophoresis (CE) [14] have also been employed to estimate
the rate constants of cyclodextrin–drug interactions. However, the
results from the SPR experiments were three orders of magnitude
smaller than those of CE experiments. In addition, the difficulty to
detect solutes with low concentrations by SPR and the relatively
poor reproducibility of CE also limits their application in the study
of interactions with weak to moderate affinities. Therefore, it is of
special interest to establish an efficient methodology to measure the
kinetics of cyclodextrin supramolecules with extensive, weak bind-
ing, and fast dissociation.

Based on the advantages like fast speed, high precision and ease
of automation, HPAC is possibly one of the best techniques to
study the kinetics of interactions with weak to moderate affinities.
Since the 1980s Hage’s group has employed chromatographic
techniques based on HPAC, including the band broadening
(plate height [15, 16] and peak profiling method [17–20]), peak
decay [21–23] and split peak [24, 25] methods, to study the
kinetics of drug–human serum albumin (HSA) and antibody–anti-
gen interactions [26, 27].

It has been reported in our previous study that the kinetics of
cyclodextrin–drug interactions, with extensive, weak binding and
fast dissociation, can be investigated by the HPAC techniques [28].
In this chapter, a protocol for the determination of kinetic rate
constants of cyclodextrin supramolecular systems using immobi-
lized cyclodextrin chromatography applying a modified peak
profiling method is introduced.

1.1 Peak Profiling

Theory

The peak profiling is a useful chromatographic tool to study the
kinetics of biological reactions. The theoretical derivation for this
approach was first reported in 1975 by Denizot and Delaage [29].
In peak profiling, the retention times and variances are measured on
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an affinity column for both a retained solute and a non-retained
substance using linear zonal elution. Initially, the peak profiling
method was carried out at a single flow rate and the apparent
dissociation rate constant (kd,app) was estimated as follows.

kd,app ¼ 2tM
2 tR � tMð Þ

σR2tM2 � σM2tR2
ð3Þ

where tR and σR
2 are the retention time and variance of the peak for

the retained solute on an affinity column, while tM and σM
2 are the

retention time and variance of the peak for the non-retained sub-
stance on the same affinity column. In Eq. 3, it is assumed that all
sources of band broadening other than stationary phase mass trans-
fer were either negligible or the same for the retained and non-
retained species.

A modified form of the peak profiling method at multiple flow
rates has been developed [28, 29] as shown in Eq. 4:

HR �HM ¼ 2uk

kd,app 1þ kð Þ2 ð4Þ

where HR is the plate height of the retained solute on an affinity
column and HM the plate height of the non-retained substance on
the same column. The term k is the retention factor of the retained
solute on the affinity column. The term u is the linear velocity of the
mobile phase. The value of kd,app can be determined by plotting
(HR � HM) versus (uk)/(1 + k)2, which will result in a linear rela-
tionship with a slope inversely related to kd,app.

If the interaction of solutes with the inert column support can
not be regarded as negligible, additional studies should be carried
out on the control column to determine the mass transfer contri-
butions due to processes other than interactions between analytes
and the stationary phase. Hage’s group also derived the multi-site
model to calculate kd using mass balance (as shown in Eq. 5) and
examined the multi-site interactions of carbamazepine [19], imip-
ramine [19], and phenytoin metabolites [20] with HSA:

HR �HM ¼ uk

1þ kð Þ2
2α1
kd
þ 2αcontrol
kd,control

� �
ð5Þ

where α1 is the fraction of the total retention factor that is due to
the solid phase–drug interactions on the affinity column and αcontrol
is the fraction of the total retention factor that is due to the non-
specific binding of the retained solutes on the control column.
The αcontrol can be calculated from the ratio of kcontrol (the retention
factor for retained solutes on the control column) and k, while
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α1 was calculated from (1 � αcontrol). The kd,control is the dissocia-
tion rate constant for the retained solutes on the control column,
which was measured by studies on the control column according to
Eq. 4. As described in Eq. 5, the plot of (HR � HM) versus (uk)/
(1 + k)2 would again follow a linear relationship, with the slope
being a function of dissociation rate constants and retention factors
for the analyte on the cyclodextrin column and the control column.
Based on the measurement of kcontrol and kd,control, kd can be
calculated from the slope of the linear relationship by plotting
(HR � HM) versus (uk)/(1 + k)2 for studies on the affinity
column.

1.2 Estimation of

Plate Heights for

Theoretical Non-

retained Substances

In the work of Denizot and Delaage [29], a simple procedure was
deduced for expressing the fundamental constants of the interac-
tion kinetics in terms of purely experimental quantities. It opened a
new field of applications for affinity chromatography, making it
possible to obtain rapid kinetic data on non-covalent binding. For
the derivation of Eq. 3, tM and σM

2 should be determined with
similar molecules to those of tR and σR

2 (such as the labeled
molecule), at least with similar hydrodynamic properties. Unfortu-
nately, the radioactive technique was rarely used in the routine
HPAC experiments. Therefore, tM and σM

2 were determined
using the conventional non-retained substances, such as sodium
nitrate, H2O and uracil.

For cyclodextrin–drug interactions, the cavity of cyclodextrins
can include a wide variety of ions and molecules, even the usual so-
called non-retained void volume indicators. At present, methanol
and water are frequently used as void volume markers of cyclodex-
trin columns. However, their applicability appears to be question-
able, as both of the substances can form complexes with
cyclodextrins. Very few attempts have been made to find a reason-
able alternative.

In our previous work [28], a correction of plate heights for
conventional non-retained substances (HM,C) has been made to
estimate plate heights for theoretical non-retained substances on
β-cyclodextrin columns (HM,T). The HM,T can be estimated
through the curve fitting of the Van Deemter equation for conven-
tional non-retained substances and the calculation of Csm,T, as
shown in Eq. 6:

HM,T ¼ AC þ BC

λ � u þ C sm,T � u ð6Þ

where λ is the correction factor, AC and BC are the A-term and
B-term for the conventional non-retained substance, respectively.
It can be used to investigate the kinetics of cyclodextrin–drug
interactions with extensive, weak binding, and fast dissociation.
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As illustrated in Fig. 1, the main guidelines for the method can be
described as follows [28]. The detailed protocol is presented in the
following text:

1. The solute of interest and a conventional non-retained sub-
stance are injected onto an affinity column at several flow rates
under linear elution conditions.

2. The first and second moments of the peaks for the retained
solute and the conventional non-retained substance are gener-
ated and the plate heights are calculated.

3. Van Deemter equation of the conventional non-retained sub-
stance is fitted.

4. Plate heights for the theoretical non-retained substance are
estimated with the modified HPAC method introduced in
our study.

5. The dissociation rate constant is calculated according to the
theory of peak profiling method and the non-specific binding
of solutes on the control support can be investigated with
multi-site equations.

Fig. 1 Scheme for the peak profiling on cyclodextrin column with the correction of the plate height for
conventional non-retained substances (HM,T, AT and BT are the plate height, A-term and B-term for the
theoretical non-retained substance; HM,C, AC, and BC and CC are the plate height, A-term, B-term and C-term
for the conventional non-retained substance; λ is the correction factor) [28]

Determination of Kinetic Rate Constant of Cyclodextrin Supramolecules 313



2 Materials

2.1 Chemicals and

Reagents

1. Milli-Q water.

2. Sample buffer: 10 mM ammonium acetate (NH4Ac, the con-
centration can be 10–200 mM) or other buffers, such as TEAA
(three ethyl ammonium acetate, 0.01–2.0 %), NH4NO3

(10–500 mM), citrate (10–200 mM), dissolved in Milli-Q
water with the pH between 3.0 and 7.5.

3. Sample solution (retained solute): Dissolved in the sample
buffer in suitable concentrations after being investigated and
optimized (see Note 1). The retained solute is the small mole-
cule investigated, such as acetaminophen, sertraline, flurbipro-
fen or other investigated drugs.

4. Sample solution (non-retained substance): Dissolved the non-
retained substance in the sample buffer solution, such as
nitrate, H2O and uracil or other dead void substance, which
should have weak retention on the cyclodextrin column.

5. Mobile phase: sample buffer with certain percentage of aceto-
nitrile (CH3CN) or methanol with HPLC grade (see Note 2).

2.2 Equipment and

Supplies

1. HPLC solvent delivery system consists of a binary pump, an
autosampler, an oven temperature controller, and a diode-array
detector.

2. The HPLC workstation is used to acquire chromatographic
data.

3. A chromatography software (such as Peakfit software) is
employed to analyze the chromatograms.

4. The column can be self-synthesized (see ref. 30) or commercially
provided, such as the column(with silica particle sizeof 5μm,pore
size of 100 Å, 5 cm � 2.1 mm) immobilized by β-cyclodextrin.

5. The control column can also be self-synthesized (see ref. 30) or
commercially provided (same with the β-cyclodextrin column,
just without the immobilized β-cyclodextrin), such as the silica
column with particle size of 5 μm, pore size of 100 Å
(5 cm � 2.1 mm).

6. Solvent filtration apparatus equipped with a 0.22 μm filter.

7. Sample filter, 0.22 μm polyvinylidene-fluoride membrane.

3 Methods

3.1 HPLC Buffer

Preparation

1. Filter all solvents through a 0.22 μm filter membrane in a
filtration apparatus fitted with vacuum.

2. For protecting HPLC systems, degas the solvent before use in
the HPLC instrument.
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3.2 Column

Equilibration and

Blank Run

1. Connect the separation column to the tubing according to the
HPLC system requirements and equilibrate the column with
the mobile phase such as 100 % 10 mM ammonium acetate
buffer at a flow rate of 1.0 mL/min until the baseline is stable
monitored at the maximum wavelength of retained solute and
non-retained substance, such as 252 nm for acetaminophen or
210 nm for sertraline for 30 min [28].

2. Maintain the column temperature at 25 �C � 1 �C during the
equilibration and the separation.

3. Once the stable baseline is obtained, inject 5 μL of the retained
solute (investigated drug molecules) or non-retained substance
(traditional void substance) to the column to ensure proper
equilibration (see Subheading 2.1).

3.3 Chromatography 1. Injection volume: 5 μL.
2. Based on the selection of the concentration of retained solutes,

inject retained solute of different concentrations on the β-
cyclodextrin column and control column at different flow
rates, such as 0.2, 0.4, 0.6 and 0.8 mL/min (see Note 3),
which facilitates affinity adsorption between the injected
drugs and the immobilized lipid surface.

3. Inject the non-retained substance on the β-cyclodextrin col-
umn and control column at the same flow rates described
above.

4. The first and second moments of the peaks for the retained
solute and the conventional non-retained substance are gener-
ated using the chromatography software, such as Peakfit soft-
ware with an exponentially modified Gaussian (EMG) fit and
the linear progressive baseline plus residual options of this
program. Finally, the plate heights for the retained solute and
the conventional non-retained substance are calculated.

5. The Van Deemter equation of the conventional non-retained
substance is fitted.

6. Plate heights for the theoretical non-retained substance are
estimated with the modified HPAC method (see
Subheading 1.2).

7. The dissociation rate constant is calculated according to the
theory of peak profiling method. The non-specific binding of
solutes on the control support can be investigated with multi-
site equations (see Subheading 1.2 and Note 4).

8. After each chromatographic separation, it is strongly recom-
mended that columns are washed with 30 mL methanol–water
(10:90, v/v) followed by about 30 mL of methanol–water
(90:10, v/v) before re-equilibrating the column with aqueous
mobile phase column. For avoiding the high back pressure of
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methanol–water, adjust the flow rate for column washing to
0.4 mL/min and wash for 70 min.

9. Store the column at room temperature in either 90 % methanol
or 90 % acetonitrile.

4 Notes

Some key factors should be considered in selecting the conditions
for peak profiling measurements in quantitative HPAC experi-
ments, such as the concentration of the retained solutes and the
flow rates.

1. The concentration of retained solutes.
It has been confirmed that the concentration of retained solute
is the most important factor according to the assumption of the
linear elution in peak profiling, which can be roughly identified
by the variation <2 % for the retention time. High sample
concentrations can provide a sufficient signal for the reliable
measurement of the retention time and peak variance. How-
ever, as the sample concentration increases to a certain range,
nonlinear elution commences. A tradeoff must be made
between the detection precision and the accuracy of the calcu-
lation. The relationship between peak area and sample concen-
trations should be linear, which can confirm the linear elution.
In summary, the concentration of the sample should be
selected in consideration both of the relationship of peak area
with sample concentrations and the detection accuracy.

2. The mobile phase composition.
The composition of the mobile phase can greatly affect the
determination of kd,app values, including the buffers, pH and
the added organic solvents. Buffers, such as NH4Ac, TEAA,
NH4NO3, are known to be included into the cyclodextrin
cavity. As the buffer concentration increases, solute peaks
become sharper and the retention time decreases when inject-
ing drugs on cyclodextrin column. In addition, the pH value of
the mobile phase is a key factor to the ionization of drugs. And
the more lipophilic form of a given drug molecule has a greater
affinity to the hydrophobic cyclodextrin cavity than the ionized
form of the drug. The drug–cyclodextrin complexation may be
hampered by competition of solvent with the drug for the
space in the cavity. In addition, the organic solvent molecules
may participate in the complexation through the formation of
drug–cyclodextrin–solvent ternary complexes. Thus, the effect
of organic solvents on the kd,app determination is complex and
the final effect is dependent on the percentage of the organic
solvent added. Therefore, kd,app values may increase when
decreasing the ion strength, increasing the ionization of drugs
or adding more organic solvents.
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3. The flow rate.
A sufficiently high flow rate should be used in the single flow
rate-based peak profiling method, to ensure that the stationary
phase mass transfer is the dominant process in band broaden-
ing. At very low flow rates, the solutes are eluted under
equilibrium conditions and no kinetic information can be
obtained. The kinetics of cyclodextrin–drug interactions can-
not be determined with high accuracy due to these negative
values. However, at high flow rates, the weak interacted solutes
cannot be retained for a sufficiently long period of time to be
distinct from a non-retained substance. The problems with
HPLC pumping efficiency and increased errors due to the
shortness of retention time may also appear. A tradeoff thus
has to be made between the kinetic domination with high flow
rates and the sustainability of the practical operation with cur-
rent instrumentation. For example, a flow rate of 0.6 mL/min
is found optimal for β-cyclodextrin columns (5 cm � 4.6 mm,
5 μm) to ensure the accuracy of the values and the suitable back
pressure of 132 bar.

4. The non-specific binding to the silica support of the cyclodex-
trin columns.
It is noted that several drugs have measurable non-specific
binding to the silica support of the cyclodextrin columns,
namely multisite interactions. Attention should be paid to
the contribution made by the secondary interactions on the
apparent kd values. Either the single-site or the multi-site
model exhibits a linear relationship for this type of plot. It is
not possible to distinguish the single-site or multi-site inter-
actions from the linear fit on the cyclodextrin column alone.
Thus, peak profiling on the control column should be carried
out to investigate the non-specific interactions of solutes with
the control support. If the retention factor of retained solute
on the control column is more than 10 % of the total reten-
tion measured on the β-cyclodextrin column, the kd values
should be calculated with the multi-site models. If less than
10 %, the effect of the control column retention can be
neglected and the kd values should be calculated with the
single-site model.
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Chapter 25

Molecular Modeling of the Affinity Chromatography
of Monoclonal Antibodies

Matteo Paloni and Carlo Cavallotti

Abstract

Molecular modeling is a methodology that offers the possibility of studying complex systems such as
protein–ligand complexes from an atomistic point of view, making available information that can be
difficultly obtained from experimental studies. Here, a protocol for the construction of molecular models
of the interaction between antibodies and ligands that can be used for an affinity chromatography process is
presented. The outlined methodology focuses mostly on the description of a procedure that may be
adopted to determine the structure and free energy of interaction between the antibody and the affinity
ligand. A procedure to extend the proposed methodology to include the effect of the environment (buffer
solution, spacer, support matrix) is also briefly outlined.

Key words Molecular dynamics, Free energy estimation, Alanine scanning analysis, Molecular
modeling, Affinity chromatography, Molecular mechanics Poisson–Boltzmann surface area, Umbrella
sampling

1 Introduction

The protocol is organized in four steps. First molecular dynamics
(MD) simulations are performed to study the conformational
evolution of a protein–affinity ligand complex dispersed in water.
Then the results of the MD simulations are post-processed to
determine the free energy of interaction between ligand and anti-
body and to analyze how the mutation of a residue in the antibody
and the ligand (if it is a peptide or a protein) may change the affinity
between the two molecules. Finally, a methodology to extend the
simulations in order to include the effect of the environment, and
in particular of the buffer solution, of the spacer, and of the support
material is proposed. Several examples where interactions between
antibodies and affinity ligands are computationally investigated are
reported in the recent literature [1–12].
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1.1 Molecular

Dynamics

Molecular dynamics is a tool that allows to study the motion of the
atoms in a system through the integration of Newton’s second law
for all the i atoms:

F i ¼ mi
d2ri
dt2

where Fi is the force on the atom,mi and ai are respectively its mass
and acceleration. Fi can be expressed as a function of the potential
energy Ui of the atom:

F i ¼ ∇U i r1, r2 . . . , ri, . . . , rNð Þ

Thus, from the previous equations combined, we obtain:

�∇U i ¼ F i ¼ mi
d2ri
dt2

where ri is the position of the atoms. To solve this system of
differential equations two initial conditions are needed for each
equation, which are position and velocity of every atom. Usually
the position of the atoms is obtained by experimental measures, like
X-ray crystallography or NMR, while the initial velocity is randomly
assigned accordingly to a Maxwell–Boltzmann distribution. The
potential energy Ui is a function of the position of the atoms,
estimated by means of a force field, expressed as the sum of six
terms, associated respectively with bond length (b), angles (a),
proper (p) and improper (id) dihedral angles, electrostatic interac-
tions (C) and van der Waals’ interactions (vdW):

U ¼ U b þU a þU d þU id þUC þU vdW

Expressions for the different potential energy contributions can be
found in the literature [13]. Here, MD simulations are used to
sample the conformational space visited by the complex between
affinity ligand and protein. To perform simulations that are mean-
ingful for an affinity system, the effect of water must be considered.
This can be done either solving the MD equations in an implicit
solvation model or adding explicitly solvent molecules (usually
water) to the simulated volume. The latter approach is usually the
most accurate and it will thus be the reference methodology con-
sidered in the present chapter. To limit the total number of explicit
solvent molecules considered in the simulations periodic boundary
conditions (PBC) are usually applied, repeating the system in every
direction in space.

1.2 Free Energy

Estimation

Different methods of estimation of free energy of binding for
protein–ligand complexes studied through MD simulations are
possible, with variable levels of accuracy [14]. The most known
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are those based on Free Energy Perturbation (FEP) theory, the
Linear Interaction Energy (LIE) method, and the MMPBSA
(Molecular Mechanics Poisson–Boltzmann Surface Area) and
MMGBSA (Molecular Mechanics Generalized Born Surface Area)
methods. Here, MMPBSA and umbrella sampling (US) methodol-
ogies are presented. While MMPBSA is expected to give a reason-
able compromise between accuracy and computational cost, the
umbrella sampling approach, belonging to the FEP family of
computational methodologies, is expected to be highly accurate if
a sufficient MD simulation time is used.

MMPBSA has been developed by Srinivasan et al. [15] to
study the stability of DNA and RNA molecules, and has been
extended to the study of binding free energy of protein–ligand
complexes by Kollman et al. [16]. To estimate the binding free
energy, structures of complex, protein, and ligand are extracted
from one molecular dynamics simulation in explicit solvent,
removing all the solvent molecules and ions present in the simu-
lation. Binding free energy is evaluated by the sum of gas phase
molecular mechanics energy, solvation free energy and an entro-
pic contribution, following a thermodynamic cycle. Solvation
free energy is evaluated by the sum of polar and non-polar
terms. The polar term is calculated by solving the Poisson–-
Boltzmann equation, while the non-polar term is the free energy
required to create the cavity in the solvent around the solute.
This term is modeled summing a constant to a term propor-
tional to the solvent accessible surface area (SASA), which can be
evaluated for example with the “rolling ball” algorithm. The
entropic contribution to free energy of binding is usually eval-
uated by normal mode calculations or quasi-harmonic analysis.
Another way to estimate the entropic contribution is by a statis-
tical thermodynamics approach, in which only the rotational and
translational components are evaluated, while the vibrational
term is neglected.

US is a methodology that allows exploring the conformational
space in a more efficient way than unrestrained MD. In this
method, a potential is added to the potential energy function to
restrain the system in the neighborhood of a desired conformation.
US can be used to explore the conformation space along a reaction
coordinate, which can be the distance between two centers of mass
or the angle between three atoms. From US simulations, it is then
possible to obtain the free energy variation along the reaction
coordinate removing the biased potential.

1.3 Alanine Scanning Alanine scanning analysis is the systematic substitution of every non-
alanine residue in the interface between protein and ligand with
alanine. The free energy of binding of the mutated complex is then
compared to the free energy of bindingof thewild type complex. This
analysis can be performed both experimentally [17] and in silico [18].
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Experimental alanine scanning analysis can be expensive and time
consuming, while the computational approach needs only a molecu-
lar dynamics simulation of the wild type complex.

1.4 Environment The effect of the environment can be included in the simulations
modifying the molecular model used for the simulations. In partic-
ular, the impact that the buffer composition may have on the free
binding free energy can be modeled including a representative
number of the buffer molecules in the model. The study of
the effect of spacer arm and support matrix can be studied attaching
the ligand to a molecular model of the surface through the spacer.

2 Materials

1. Molecular structures: Reconstruction of crystallographic
molecular structures having missing protein residues can be
done with several protein structure prediction softwares such
as MODELLER, UCSF Chimera, and SWISS-MODEL. In the
absence of an X-ray structure, tentative binding structures
between affinity ligands and antibodies can be searched using
docking softwares, such as Autodock from the Scripps Research
Institute or Glide from Schrödinger GmbH, and many others
available in the literature.

2. MD packages: Molecular dynamics simulations can be
performed using one of the software packages available.
Among the best known are AMBER, GROMACS, CHARMM,
and NAMD. The simulations described in this chapter were
performed with the GROMACS suite of softwares [19].

3. Post-processing tools: Most of the softwares needed to post-
process the MD trajectories are present in the molecular
dynamics packages used to perform the MD simulations. To
solve the Poisson–Boltzmann equation open source softwares
like APBS and DelPhi are available. APBS [20] was used for the
simulation protocol here described.

3 Methods

3.1 Molecular

Dynamics

1. Download and analysis of the structures: The structures used in
the creation of the molecular model are downloaded from the
Protein Data Bank (PDB [21]) and can then be analyzed by
opening the pdb files with a text editor. As an example, the study
of the interaction between protein L and IgG will be described
in the following. To model the interaction between protein L
and antibodies, structures 1HEZ and 1MHHhave been down-
loaded. Structure 1HEZ is formed by five protein chains and
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some solvent molecules. Protein chains are one domain of
protein L (chain E) and two Fab fragments, each formed by
one light chain (A and C) and one heavy chain (B and D).
Protein L can bind IgG in two different binding sites,
both located in the Fab domain. Chains A, B, and E are involved
in the interactions in binding site 1, while chains C, D, and E
determine the interaction in binding site 2. Structure 1MHH is
formed by six protein chains and some solvent molecules. Pro-
tein chains are two domains of protein L (chains E and F) and
twoFab fragments, as in the 1HEZ structure. The interaction of
protein L domains and Fab fragments is in binding site 1 for
both the structures. Remove solvent molecules from both the
structures by deleting the corresponding lines in the pdb files
with a text editor. Some chains in both the structures have
missing atoms or missing residues, as stated under REMARK
465 (missing residues) and REMARK 470 (missing atoms)
sections in the pdb files. In particular chains B and D from
structure 1HEZ have missing residues, while all the lateral
chains have missing atoms. Chains B, D, and F from
structure 1MHH have missing residues and chain F has a miss-
ing atom in residue GLY1881. The crystal structure 1MHH is
shown in Fig. 1.

Fig. 1 Crystal structure of binding site 1 complex from the structure with pdb id
1MHH
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If a PDB crystal structure is not available, it is possible to
determine starting structures for the MD simulations using
molecular docking. Docking algorithms determine possible
binding structures between two molecules systematically scan-
ning a parameter space determining the relative orientation of
the two molecules. The internal mobility of some groups of the
ligand should be explicitly considered in this study. The inter-
action structures so determined are then ranked using a scoring
function, calibrated over experimental data and thus semiem-
pirical, which gives a tentative guess of the interaction free
energy. Several structures among those with minimum energy
determined through the docking protocol should be retained
for the successive higher level calculations. Some examples of
the application of docking to determine protein–ligand struc-
tures are reported in the literature [1, 2, 22].

MD simulations performed to investigate the effect of the
environment (buffer, spacer arm of support matrix) can be
performed following the same protocol outlined above. The
support model is in general not available from the PDB.
A description of how to build a molecular model for an agarose
or cellulose support can be found in the literature [23, 24].

2. Homology modeling: If present, chains with missing residues
can be reconstructed with homology modeling. Typical steps in
the creation of a homology model are: selection of the chain
with missing residues and search of experimental structures in a
database using an alignment algorithm, such as BLAST (Basic
Local Alignment Search Tool). Experimental structures with
the highest homology are selected and their amino acid
sequence is compared. Homology models are then created
using a protein structure prediction software. The output of
the software is a group of homology models of the selected
chain, the one with the minimum RMSD (root-mean-square
displacement) is chosen. Once the structures are ready, the
chains needed to create the model can be selected. From the
structure 1HEZ, chains A, B, and E are copied in a new pdb file
to model the interaction through binding site 1, while chains
C, D, and E are used to create the model of the interaction
through binding site 2. From structure 1MHH chains A, B,
and E are used to create a model of the interaction through
binding site 1. The molecular model so reconstructed is shown
in Fig. 2.

3. Choice of the force field to model protein and water molecules:
In this example, the AMBER03 force field [25] and the TIP3P
force field [26] are chosen to model the protein and the water
molecules, respectively. If a molecular species that is included in
the simulation is not a protein, a peptide or a standard solvent,
then it is necessary to construct a tailored force field. This can
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be done in several ways. Usually, MD computational packages
contain protocols that may be used to construct a force field.
In case of the Amber softwares suite for example, a generalized
force field (called general Amber force field, GAFF [27]) can be
used to assign atom types, charges and the other force field
parameters to any molecule (see Note 1).

4. Solvation and addition of ions: Usually simulations are
performed constraining the dynamics of the simulated mole-
cule within a periodic box and applying periodic boundary
conditions. The periodic box should be large enough to avoid
that one particle may see its own image in an adjacent box,
according to the minimum image convention. The minimum
dimension of the box is selected in such a manner that the cut-
off radii of Coulomb and van der Waals’ interactions are less
than half the box size. A cubic box with a minimum distance of
1 nm between any protein atom and the box walls is usually a
good choice. Once the box is defined, the system can be
solvated by addition of water molecules. Usually proteins do
not have a zero net electrical charge, because of the proton-
ation state of lateral chains. The system is neutralized by repla-
cing solvent molecules with ions at a specific concentration,
with a net charge that counterbalances the net charge of
protein chains (see Note 2).

5. Energy Minimization: Before performing MD simulations, the
system that has been built needs to be relaxed. For this pur-
pose, energy minimization (EM) is usually performed to
remove possible unfavorable contacts between the solvent and
the solute. Electrostatic interactions are computed using the
Particle Mesh Ewald method (PME) [28], while van der Waals’

Fig. 2 Reconstruction with homology modeling of chain B of the Fab fragment
from the structure with pdb id 1HEZ. One of the missing fragments (and the
correspondent rebuilt part) is highlighted
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interactions are computed with a Lennard Jones potential.
A cut-off of 1 nm is used for non-bonded interactions.
A number of steps sufficient to reach full convergence should
generally be chosen.

6. Equilibration: To let the water molecules relax around the
protein, a position restrained dynamics (PR) is performed.
In this simulation, all the atoms of the protein chains are
restrained to their starting positions. The leap-frog algorithm
is used to integrate the equations of motion. Covalent bonds
are constrained to their equilibrium length using the LINCS
constraint algorithm [29] (see Note 3). This will allow using a
time step of 2 fs. Temperature is controlled using two v-rescale
thermostats, coupled to protein molecules, solvent and ions
molecules, respectively, and is set to 300 K (seeNote 4). For the
specific system under study, a 100 ps simulation is sufficient.

7. Molecular dynamics simulations: When studying a protein–
ligand interaction, an important parameter is the total simula-
tion time. For the specific system under investigation 20–25 ns
of molecular dynamics simulations are performed using the
same parameters used in position restrained (PR) dynamics,
except for the protein chains that are not restrained to their
starting positions anymore, and for the use of a pressure
control with the Parrinello-Rahman barostat to keep the aver-
age pressure around 1 bar. Positions of the atoms are saved at
regular intervals of 10 ps.

8. Umbrella sampling: In order to use free energy perturbation
theory, it is necessary to perform dedicated MD simulations.
In this example, the Weighted Histogram Analysis Method
(WHAM) method is used to determine free interaction ener-
gies. To calculate the parameters that are necessary to apply the
WHAM approach, it is required to perform simulations where
the ligand is separated from the protein and relaxed. Separation
is accomplished with sequential 100 ps MD simulations, where
a harmonic potential is applied to restrain the distance between
ligand and protein at increasing distances. After 10 ns of relax-
ation, starting points for US are obtained bringing the ligand
back near the protein. Spacing between windows is 0.5 Å in
length. US simulations are performed restraining the distance
between the centers of mass of protein and ligand with a
harmonic potential of 30 kcal/(mol Å2). The distance between
protein and ligand is saved every 100 fs for further analysis.

3.2 Free Energy

Estimation

1. MMPBSA: Structures of the protein complex are extracted
from the trajectory file, deleting solvent molecules and ions.
From each structure of the complex, the structure of protein
and ligand are extracted, so that for each frame there are three
files: one of the protein–ligand complex, one of the protein,
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and one of the ligand (see Note 5). Electrostatic and van der
Waals’ components of the potential energy are computed for
every structure, usingCoulomb’s lawwith an infinite cut-off for
the electrostatic component. The sum of electrostatic energy
and van der Waals’ interaction energy is EMM (see Note 6).
The polar component of the solvation free energy is estimated
solving the Poisson–Boltzmann equation, set tingthe relative
dielectric constant of the gas phase to 2 (seeNote 7). The non-
polar contribution to the solvation free energy can be computed
from the solvent accessible surface as [30]:

ΔGSASA ¼ 5
cal

A2mol

� �
ΔSASA A2

� �þ 860
cal

mol

� �

where ΔSASA is the change in solvent accessible surface area
(SASA). The sum of polar and non-polar contribution to solva-
tion free energy is ΔGsolv. Energy components are summed for
every structure and the net energy for every frame is given by:

ΔΔE ¼ Ecomplex � Eprotein þ E ligand

� �
Rotational and translational entropy contributions to the free
energy of binding are evaluated only for one frame using
statistical thermodynamics. The rotational entropy contribu-
tion is calculated as:

ΔSrot ¼ Rln
eT

σθrot

� 	

where e is the Napier’s constant, σ is equal to 1 for non-
symmetrical molecules and θ is called rotational temperature,
and is defined as:

θrot ¼ h3

8π2 2πkBTð Þ3=3 I xI yI z
� �
 �1=2

where h is the Planck constant, kB is the Boltzmann constant,
and Ix, Iy and Iz are the moments of inertia referred to principal
axes. The translational entropy contribution is evaluated from:

ΔS trans ¼ Rln
V

N
e5=2 2πm

kBT

h2

� 	3=2
 !

where V/N is the specific volume in gas phase andm is the mass
of the molecules. The free energy of binding for each frame is
then calculated as:

ΔΔGbind ¼ ΔGcomplex � ΔGprotein þ ΔG ligand

� �
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where ΔG is calculated from:

ΔG ¼ EMM þ ΔGsolv � TΔS

The free energy of binding is then averaged over every
nanosecond of simulation. The contributions to the binding
free energy for the protein L–Fab complex are shown separately
in Table 1 together with the computed MMPBSA free interac-
tion energy.

2. WHAM: The US simulations produce a series of biased proba-
bility distributions that allow to obtain the potential of mean
force (PMF), from which the free energy variation as a function
of the protein–ligand distance can be readily calculated.
A reliable approach to calculate the PMF is the Weighted
Histogram Analysis Method (WHAM) [31]. It consists in
iteratively solving the equations

ρ ξð Þh i ¼ ∑Nw

i¼1ni ρ ξð Þh i ið Þ ∑Nw

j¼1nje
� wj ξð Þ�F j½ �=kBTh i�1

e�F=kBT ¼
ð
dξe�wi ξð Þ=KBT ρ ξð Þh i

where ξ is the reaction coordinate, hρ(ξ)i is the total unbiased
probability, hρ(ξ)i(i) is the biased probability distribution, ni is
the number of snapshot in the ith window, Nw is the number
of windows, wj is the harmonic potential bias (seeNote 8), and
Fj is the free energy associated with the introduction of the
biasing potential in the jth window. The calculation is stopped
when the difference of the value of F between two consecutives
iterations reaches a given tolerance. The unbiased probability
hρ(ξ)i and the free energy F obtained are used to estimate the
PMF for each simulation window using the equation:

W ξð Þ ¼ W ξð Þi �KBT ln
ρ ξð Þh i
ρ ξð Þi
� 

" #

� wi ξð Þ þ F i

The PMF evaluated as a function of the distance between
the centers of mass of protein L and the Fab fragment for the
binding site 2 complex is shown in Fig. 3.

Table 1
Contributions to binding free energy for the protein L–Fab complex in binding site 1

Coulomb
[kcal/mol]

van der Waals’
[kcal/mol]

Apolar solvation energy
[kcal/mol]

Polar solvation energy
[kcal/mol]

MMPBSA
[kcal/mol]

�167.13 �63.23 �4.29 188.59 �12.05

Values have been averaged over one nanosecond
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3. Environment: The protocols outlined above can be used to
study the effect that the addition of a spacer arm or the pres-
ence of the support material may have on the free binding
energy between affinity ligand and antibody, provided that
adequate molecular models and force fields have been used
for support and spacer [32]. The situation changes if the
parameter under investigation is the effect of the buffer.
In this case it is not advisable to use protocols that are based
on implicit solvation models, but rather it is more reliable to
adopt FEP-based approaches, such as the WHAM protocol, or
methods that have been developed for the specific purpose of
studying the impact that a change in the composition of the
solvent may have on the binding properties of a ligand [33].

3.3 Alanine Scanning 1. Identification of significant residues: Residues that may give an
important contributions to the free energy of binding are
identified based on amino acid position in the binding sites
between protein L and Fab fragments. A literature search may
be helpful to identify key residues.

2. Mutations to alanine: Residues are mutated to alanine modify-
ing the pdb files of the complex by removing all the atoms but
the β-carbon in the lateral chain of the selected residue and

Fig. 3 Potential of mean force evaluated as a function of the distance between the centers of mass of protein L
and the Fab fragment for the binding site 2 complex
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renaming the residue ALA. Missing hydrogen atoms from the
lateral chain are then added. From the files of the complex
mutated, structures of protein and ligand are extracted, creat-
ing new pdb files.

3. Evaluation of ΔΔGbind variation due to alanine mutation: Eval-
uation of the free energy of binding of mutated structures is
done by following the protocol presented for the wild type
structures. Variations of binding free energy due to mutations
are estimated using the relation:

ΔΔGalascan ¼ ΔΔG ala
bind � ΔΔG wt

bind

Positive values of ΔΔGalascan mean that the affinity between
ligand and protein is decreased after the mutation to alanine,
while negative values indicate that the affinity is increased. The
results of the alanine scanning analysis of the residues in the
interface between protein L and Fab fragment in the binding
site 2 complex are shown in Fig. 4.

Fig. 4 Alanine scanning analysis of the residues in the interface between protein L and Fab fragment in binding
site 2 complex. A positive value of ΔΔG means that the binding affinity is lower (i.e., the free energy of binding
is higher) after the mutation to alanine
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4 Notes

1. It is recommended, after constructing the tailored force field,
to check its internal consistency. A good test is to reproduce
parameters (for example, dihedral potential energy surfaces)
computed from first principle simulations.

2. After the addition of water to the periodic box, density can be
lower than the desired value (1 g/cm3 at 1 bar), so when
pressure control is applied, the box will shrink increasing the
concentration of the ions. To avoid this problem one needs to
calculate the molality (moles of solute per unit of mass of
solvent) of the salt from the desired molarity (moles of solute
per unit of volume of solvent) and then add the number of ions
needed for the desired molality.

3. If a stochastic dynamics integrator is used to solve the equa-
tions of motion while constraining the bond lengths with
LINCS algorithm, a high order in the expansion of the con-
straint coupling matrix has to be used to have an accurate
control of the temperature.

4. Two thermostats are used to control protein and solvent tem-
perature to avoid an effect called “hot solvent/cold solute”
that can lead to a stationary temperature gradient between
solvent and solute [34].

5. When periodic boundary conditions are applied, molecules can
cross the walls of the box and will be broken if the coordinates
of the atoms are extracted directly. Thus, when structures of the
complex are extracted from the trajectory of the dynamics,
periodic boundary conditions should be first removed to
make the molecules whole.

6. Bond interaction contributions to molecular mechanics energy
EMM, that are Eb, Ea, Ed and Eid, have been neglected because
protein and ligand structures are extracted from the structure
of the complex. In this case, the difference of bond interaction
contributions between complex, protein, and ligand is zero.

7. Also the value of Coulomb interaction energy is dependent on
the value of the gas phase dielectric constant. So, if the Cou-
lomb term is evaluated for a dielectric constant equal to 1, it
must be divided by the value of the dielectric constant used to
solve the Poisson–Boltzmann equation.

8. Care must be taken in the actual value of the harmonic poten-
tial bias, because potential energy associated with the distance
restraint may be expressed both as
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U dr ¼ 1

2
kdr rij � r0
� �2

and

U dr ¼ kdr rij � r0
� �2

In the second equation, the value of kdr is half the value used in
the first equation.
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