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vii

 Applications of mass spectrometry particularly in the fi elds of drugs and toxins analyses are 
growing exponentially. This is due to the facts that the newer instruments are much more 
user-friendly, less expensive, compact, and robust. Furthermore, the technology is versatile 
and generally does not require any special reagents such as antibodies to the drugs. Other 
advantages of mass spectrometry include increased sensitivity and specifi city and multicom-
ponent analysis. Using this technology hundreds to thousands of compounds can be 
screened in a single assay run. This volume  Clinical Applications of Mass Spectrometry in 
Drug Analysis  provides methods and protocols for a number of drugs and toxins in a stepwise 
manner. Brief introduction and clinical utility of the analytes along with useful notes to help 
the readers easily reproduce the protocols are also provided. 

 I am indebted to my colleagues who took time from their busy schedule to contribute to 
the contents of this book. I hope this book will be useful to the laboratorians who are already 
using mass spectrometry or thinking of bringing this technology to their laboratories.  

  Kansas City, MO, USA     Uttam     Garg     
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    Chapter 1   

 Mass Spectrometry in Clinical Laboratory: Applications 
in Therapeutic Drug Monitoring and Toxicology       

     Uttam     Garg       and     Yan     Victoria     Zhang      

  Abstract 

   Mass spectrometry (MS) has been used in research and specialized clinical laboratories for decades as a very 
powerful technology to identify and quantify compounds. In recent years, application of MS in routine 
clinical laboratories has increased signifi cantly. This is mainly due to the ability of MS to provide very spe-
cifi c identifi cation, high sensitivity, and simultaneous analysis of multiple analytes (>100). The coupling of 
tandem mass spectrometry with gas chromatography (GC) or liquid chromatography (LC) has enabled 
the rapid expansion of this technology. While applications of MS are used in many clinical areas, therapeu-
tic drug monitoring, drugs of abuse, and clinical toxicology are still the primary focuses of the fi eld. It is 
not uncommon to see mass spectrometry being used in routine clinical practices for those applications.  

  Key words     Clinical laboratory  ,   Mass spectrometry  ,   Liquid chromatography  ,   Gas chromatography  , 
  Tandem mass spectrometry  ,   Drugs  ,   Therapeutic drug monitoring  ,   Toxicology  ,   Time-of-fl ight  , 
  Immunoassays  

1      Introduction 

 Mass  spectrometry  ,  once    considered   a very specialized and expen-
sive technology for routine use, has made its way in many clinical 
laboratories in recent years [ 1 ,  2 ]. This rapid growth has been 
made possible by developments in the technology, the advent of 
bench top systems, increased ease of operation, reduced capital 
investment, and more user-friendly software systems. 

 Therapeutic drug monitoring, testing for  drugs of abuse  , pain 
management, and forensic drug testing have been the early adap-
tors of this technology and still are the main driving force behind 
the fast growth of the fi eld. Mass spectrometry has been intro-
duced and utilized to overcome the inherent limitations of immu-
noassays from drug testing due to its high specifi city. Enhancements 
in mass spectrometry continue to improve sensitivity and enable 
measurement of ever lower concentrations of analytes. GC-MS was 
the initial MS technique used in clinical laboratories, and introduction 
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of LC-MS/MS enabled the analysis of many analytes that cannot 
be easily analyzed by GC and are not suitable for GC-MS. Methods 
have been reported on a wide array of analytes and the accumula-
tion of experience in the community is available to help interested 
laboratories overcome the huddles to bring mass spectrometry to 
their practices to better serve our patients and for the betterment 
of health care. 

 The recent developments in mass spectrometry have made it a 
very attractive platform for clinical practice, yet apprehension due 
to the complexity of the technology, relatively high capital invest-
ment, personnel training, and the requirement for in-house method 
development and validation present challenges to the implementa-
tion of this technology in many routine clinical laboratories.  

2    Clinical Applications 

 Immunoassays are commonly used methods for therapeutic drug 
monitoring and  drugs of abuse   in the clinical laboratory. Since 
immunoassays can cause false positive or false negative results due 
to lack of specifi city or cross-reactivity, and immunoassays may not 
available for a number of drugs, MS has been used for confi rmation 
of immunoassay results [ 3 ] and sometime used directly as screening 
methods. Measurement of small molecule drugs continues to push 
the development of the technology and to be one of the main driv-
ing forces for increasing applications of mass spectrometry in clini-
cal practices. The focus of this volume is for therapeutic drug 
monitoring and toxicology.  Drugs of abuse   and therapeutic drugs 
commonly analyzed by mass spectrometry are listed in Table  1 .

   Testing for the screening and confi rmation of inborn error of 
metabolism was another early adaptor of mass spectrometry and 
has played an important role in enhancing the applications of mass 
spectrometry [ 4 ,  5 ]. Recently, many developments have taken 
place in new fi elds of study, particularly endocrinology and hor-
mone testing in clinical labs [ 6 – 8 ]. 

 Although not yet widely found in clinical laboratories, applica-
tions of MS are expanding in the analysis of large molecules such as 
peptides, proteins, lipids, polysaccharides, and DNA [ 9 – 11 ]. 
Another emerging area is the application of matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometry to rapid bac-
terial identifi cation [ 12 – 14 ].  

3    Fundamentals and Recent Developments of Mass Spectrometry-Based 
Analysis 

 A detailed description of mass spectrometry is beyond the scope of 
this chapter and only a brief description on the fundamentals of the 
technique is provided. Mass spectrometry is based on the ability to 

Uttam Garg and Yan Victoria Zhang
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infl uence the motion of charged particles with electric and mag-
netic fi elds. This allows separation of charged particles based on 
their mass-to-charge ( m / z ) ratios. A mass spectrometer can be 
thought of as an instrument that measures the masses of molecules 
that have been converted into ions. 

   Analytes need to be either positively or negatively charged (ion-
ized) to be analyzed by a mass spectrometer. In addition, all other 
charged or potentially ionizable compounds in the sample can 
potentially be interferences for the analyte of interest. Samples 
need to be carefully treated before analysis and the sample prepara-
tion can be either very simple like “dilute and shoot” or very elabo-
rate. Liquid-liquid or solid-phase extractions are commonly used. 
While samples can be introduced directly into a mass spectrometer, 
gas or liquid chromatographic systems for separation are typically 
used to fi rst isolate the compounds of interest from the matrix. 

 After separation, the effl uent from the chromatograph is ion-
ized. The mass analyzer separates the ions formed based on their 
mass-to-charge ratio. At the end, the ions are “recorded” in the 
detector and reported out through the data analysis system. 

 A schematic diagram of a generic mass spectrometer with dif-
ferent options is shown in Fig.  1 .

3.1  Mass 
Spectrometry- Based 
Analysis Overview

   Table 1  
   Drugs of abuse   and therapeutic drugs commonly assayed by mass spectrometry   

 Drugs of abuse/other  Therapeutic drugs 

 • Amphetamines and related drugs 
 • Barbiturates (amobarbital, butalbital, 

pentobarbital, phenobarbital, secobarbital, etc.) 
 • Bath salts 
 • Benzodiazepines (alprazolam, diazepam, 

lorazepam, midazolam, oxazepam, temazepam, 
clonazepam and their metabolites, etc.) 

 •  Buprenorphine   
 • Cocaine and its metabolites 
 • Cannabinoids 
 • Cannabinoids, synthetic 
 •  Drug screening  , broad spectrum 
 • Ethanol use markers ( Ethyl Glucuronide   

and  Ethyl Sulfate  ) 
 • Ketamine 
 • Methadone and metabolites 
 • Methamphetamine 
 • Nicotine and metabolites 
 •  Opiates   and  opioids   (morphine, codeine, 

hydrocodone, oxycodone, oxymorphone, 
6-acetylmorphine, fentanyl, etc.) 

 • Phencyclidine 
 • Propoxyphene 
 • Zolpidem 

 • Antidepressants (tricyclics and selective 
serotonin reuptake inhibitors) 

 •  Anticoagulants   ( dabigatran  , rivaroxaban, 
 apixaban  ,  warfarin  ) 

 • Anticonvulsants ( lamotrigine  ,  levetiracetam  , 
 10-hydroxycarbazepine  ,  topiramate  , 
 zonisamide  ) 

 • Antipsychotics ( haloperidol  ,  fl uphenazine  , 
 perphenazine  ,  thiothixene  ) 

 •  Busulfan   
 • Cardiac drugs ( fl ecainide  ,  mexiletine  , 

 propafenone  ,  amiodarone  ) 
 •  Carisoprodol   
 • 5-Fluorouracil 
 • Ibuprofen 
 • Immunosuppressants (cyclosporine, 

everolimus, mycophenolic acid, sirolimus, 
tacrolimus) 

 • Indomethacin 
 •  Meprobamate   
 •  Methotrexate   
 •  Terifl unomide   

Mass Spectrometry in Clinical Laboratory…
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      GC and LC are the two most common chromatography separation 
techniques coupled to mass spectrometry. GC has been used in 
clinical laboratories for several decades and LC has gained popular-
ity in recent years mainly due to ease of sample preparation. Using 
GC-MS or LC-MS/MS, hundreds to thousands of drugs and tox-
ins can be screened in a single analytical run [ 15 ]. GC-MS is suit-
able for analysis of small molecules that are volatile, nonpolar, and 
thermally stable. Analytes that are heat labile and diffi cult to deriva-
tize are more suited for LC-MS/MS analysis. While both separa-
tion methods typically involves certain types of analyte extraction 
and possible concentration of the extract, GC often requires 
lengthy sample derivatization steps for compounds that are not 
volatile or thermally stable. Simple sample preparation and a 
broader array of analytes have enabled LC-MS/MS to gain popu-
larity in clinical laboratories. Disadvantages of LC-MS/MS are less 
reproducible mass spectra, higher maintenance, and high cost.  

   A variety of mass analyzers are used in clinical mass spectrometry. 
The most common types are single quadrupoles, triple quadru-
poles, and time-of-fl ight (TOF) instruments with triple- quadrupole 
mass spectrometers being the most prevalent in clinical laborato-
ries. Triple quadrupole mass spectrometers offer unique advan-
tages. They are robust and can be used for multiple analytes. They 
have several scan modes available that are particularly applicable for 
clinical analyses. The most commonly used scan function is multi-
ple reaction monitoring (MRM). 

 In an MRM assay, the compound of interest is identifi ed based 
on the cleavage of a precursor ion to form a fragment ion. One or 
more fragment ions can be used. Two fragment ions are preferred 
to increase specifi city of the analysis, in which case one fragment 
ion functions as qualifi er ion and the other functions as quantifi er 
ion. With an appropriate internal standard, MRM can generally be 
used for quantitative analysis. 

3.2  GC-MS 
and LC-MS/MS

3.3  Types of Mass 
Spectrometers

Sample
Introduction/

Separation

Data
AnalysisIonization Mass

Analysis
Detection

Quadrupole
Ion Trap

Time of Flight

Sample
Preparation

Electron Impact, Electrospray, Chemical, 
Matrix Assisted Laser Desorption (MALDI),
Surface Enhanced Laser Desorption (SELDI)

  Fig. 1    Schematic diagram for a mass spectrometry analysis       
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 Time-of-fl ight instruments bring an additional dimension of 
analysis due to its high-resolution enabling broad-spectrum screen-
ing and confi rmation methods. The coupling of MALDI and TOF 
has enabled the emerging application of microorganism identifi ca-
tion in microbiology laboratories.   

4    Implementing Mass Spectrometry in a Clinical Laboratory 

 Implementation of mass spectrometry in a clinical laboratory is not 
an easy undertaking [ 16 – 23 ]. It is a major investment in both 
fi nancial and human capital for an institution and requires careful 
planning and diligent execution for a successful outcome. 
Implementation is a multi-step process and a summary of key con-
siderations is presented in Table  2 .

   The process typically starts with an assessment of clinical needs, 
instrument selection, and a fi nancial justifi cation, followed by sev-
eral other essential tasks such as space planning, site preparation, 

   Table 2  
  Major steps in implementing mass spectrometry in a clinical laboratory   

  Clinical needs  

 • Is the primary consideration 
 • Reduce turnaround time 
 • Control over sample handling process and reduce handling errors 

  Financial considerations  

 • Key is to have an institutionally acceptable return on investment (ROI) 
 • Benefi ts include bringing test in-house and reduce send-out costs 
 • Primary investment is instrument itself 

 – Capital investment or leasing options 
 • Other investment considerations should include 

 – Service contract 
 – Infrastructure and space requirement, and may need renovation 
 – Cost for interfacing to the LIS if desirable 
 – Ongoing operating cost (e.g., high-grade reagents, special 

reagents, gas) 

  Instrument selection  

 • Based on intended analyses and economics 
 • Site visit and communication with colleagues and vendors 
 • Service availability and response time for service requests 

  Assay selection  

 • Based on type of instrumentation, analytes, and clinical needs 
 • Literature search and communication with colleagues 
 • Consider lab staff experience and training 

(continued)

Mass Spectrometry in Clinical Laboratory…
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installation, personnel training, and method evaluation. In total, 
the whole process can take from 6–9 months to 1 year. After that, 
in-house method development and validation bring another set of 
challenges. Mass spectrometry assays are considered high- 
complexity under CLIA and fall under the category of laboratory- 
developed tests. This section sheds some light onto these steps 
with the hope of saving the audience some headaches in the imple-
mentation phase. 

   A large body of evidence has indicated the value of mass spectrom-
etry for clinical practice and many well-established tests are avail-
able for labs to consider [ 24 – 26 ]. For a lab new to mass 
spectrometry, clinical needs justifi cation becomes a question of 
which tests to bring in-house and which methods to choose. 
Consultation with in-house physicians and advocates will ease deci-
sion making and increase acceptance. 

4.1  Assay 
and Instrument 
Selection

Table 2
(continued)

  Infrastructure planning  

 • Space for instrumentation and HPLC 
 •  Gas supplies: compressor air, nitrogen gas dewars, or nitrogen 

generator 
 • Ventilation and noise blocking 
 • Lab space rearrangements (e.g., fi xed vs. movable bench) 
 • Dedicated electric system and uninterrupted power supply 
 • IT support and data backup 

  Staff and personnel training  

 • Essential for a successful implementation 
 • Is an ongoing process 
 • Onsite training with manufacturers 
 • Online training courses 
 • Conferences workshops, symposia, and short courses 

  Method development and validation  

 • Meets CLIA requirements for high complex testing 
 • Use highest grade reagents available (MS grade or at least HPLC grade) 
 • Choose proper internal standards 
 • Validation shall include 

 – Precision 
 – Accuracy 
 – Analytical sensitivity 
 – Analytical range and reportable range 
 – Reference interval validation 
 – Stability 
 – Specifi city and interference testing 

Uttam Garg and Yan Victoria Zhang
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 While modern mass spec companies all provide high quality 
products, each vendor has its own unique “temperament.” 
Consulting with colleagues and site visits can help narrow down 
the choices of vendors for further investigation. In addition, ser-
vice availability and response time play an important role in deci-
sion making and should be considered very seriously.  

   Financial justifi cation is one of the initial challenges of bringing 
mass spectrometry technology to a laboratory. The fi nancial justi-
fi cation can be approximated as a return on investment (ROI) esti-
mation. The cost of instruments (ranges from low US$200,000 to 
US$4–500,000) and the savings from bringing tests in house on 
mass spectrometry are obvious considerations. Several other fac-
tors are not necessarily obvious for people who are new in this fi eld 
and are important for the total fi nancial estimation. These factors 
include the cost of an annual service contract, cost for infrastruc-
ture planning and space renovation, and operating costs. Each one 
of these cost can be executed with different options, which can 
make a large difference in the fi nal fi nancial commitment. While 
the typical practice has been to acquire instrumentation through 
the standard equipment capitalization process by purchasing the 
instrument upfront, reagent leasing and equipment leasing are 
other options. It is worth the time to go through the options for 
any given test and projected volume. 

 It is recommended to have a full-service contract for most lab-
oratories to cover regular maintenance and repairs. Manufacturers 
often provide discounts for pre-purchased service contracts after 
the warranty period or a discount for purchasing multiple-year 
contracts. 

 Mass spectrometers require specifi c infrastructure elements, 
such as particular voltage/current requirements, high purity gas, 
ventilation and noise blocking system which are not necessarily in 
place at most institutions. Communication with the vendors is 
highly recommended to ensure that the infrastructure and space 
planning meet the vendor’s specifi c requirements. 

 Besides the initial fi xed cost, running an assay is relatively inex-
pensive. Nonetheless, several factors such as consumables for sam-
ple preparation, reagents, internal standards, quality controls, gas 
supplies, data analysis, and data reporting should be considered. 
MS-grade reagents can be expensive, and it is important to get the 
highest grade of reagents for MS assays. If they are not available, 
HPLC-grade reagents can sometimes be substituted. Internal stan-
dards are unique to mass spectrometry assays and can be very 
expensive. 

 The majority of mass spectrometry data still includes some 
manual processing, which is labor intensive. Many manufacturers 
are able and willing to assist in interfacing the data system to the 
laboratory information system (LIS), which can reduce the 

4.2  Financial 
Justifi cation

Mass Spectrometry in Clinical Laboratory…
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 reporting time signifi cantly. If this is desirable, the cost for interfac-
ing is another consideration. 

 Reimbursement rates for mass spectrometry assays are reason-
able and the variable operating cost is relatively low. Despite the 
costs, the addition of mass spectrometric analyses to a laboratory in 
most cases can provide a reasonable ROI and can be fi nancially 
justifi ed.  

   Having properly trained staff for routine analysis and a skilled ana-
lyst for troubleshooting and method development are crucial to 
successful implementation. Hiring staff with proper training for 
mass spectrometry has been one of the major challenges to imple-
mentation of this technology in clinical laboratories. However, 
with dedicated instrument time and an experienced trainer, a good 
medical technologist can be trained to perform mass spectrometric 
analyses within a few weeks. When method development is 
involved, longer and more sophisticated training is required. 

 Training can be obtained in several ways. Instrument manufac-
turers can provide training during the installation, through their 
onsite live training classes or online tutorials. Many online training 
materials and tutorials are available from other organizations such 
as the American Association for Clinical Chemistry, and colleagues 
are always good resources. There is nothing, however, that can 
substitute for the experience gained from sitting in front of the 
instrument.  

   Mass spectrometry assays are laboratory-developed tests, which 
require sophisticated validation processes. Most assays are devel-
oped in-house and standardization of the process is very impor-
tant. The recent CLSI guideline is a good reference [ 27 ]. In 
addition to the typical validation steps for clinical assays including 
limit of detection, limit of quantitation, accuracy, analytical mea-
surement range and clinical reportable range, reagent and analyte 
stability, reference range determination, and interference, mass 
spectrometric analyses require additional validation steps. A par-
ticular requirement of mass spectrometric analyses is an assessment 
of ion suppression. There are different ways to do ion suppression 
assessment, and compromise between the amount of sample 
cleanup and the level of ion suppression tolerable is often neces-
sary. In many cases, the use of an internal standard can help correct 
for moderate levels of ion suppression. 

 The internal standard plays an important role in providing 
accurate results with mass spectrometry. The internal standard 
should be chemically similar to the analyte but with a different 
molecular weight. The heavy isotope labeled compounds with C13 
and N15 have become the typical choice. A mass difference 
between the analyte of interest and the internal standard of at least 
3 mass units is desirable, although a difference of at least 5 is pre-
ferred to completely reduce cross talk.   

4.3  Staff Training 
and Human Resources

4.4  Method 
Development 
and Validation

Uttam Garg and Yan Victoria Zhang
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5    Conclusion 

 In recent years mass spectrometry has emerged as an important 
tool in laboratory medicine. While it has been applied in many 
clinical areas, therapeutic drug monitoring and toxicology remain 
as key applications and continue to be the driving force to push 
through challenges to increase the applications of mass spectrom-
etry in clinical practices. Many methods have published in recent 
years in these areas and for analytes that were once considered 
unlikely for MS. Mass spectrometry remains a new, exciting, and 
sophisticated technology. Its implementation requires careful plan-
ning and diligent execution to ensure success in routine practices. 
This volume has collected many methods currently used in clinical 
laboratories with a suffi cient level of detail to allow straightforward 
implementation. We hope that this will facilitate the adaption of 
this technology in clinical practices.     
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    Chapter 2   

 Quantitation of Flecainide, Mexiletine, Propafenone, 
and Amiodarone in Serum or Plasma Using Liquid 
Chromatography-Tandem Mass Spectrometry (LC-MS/MS)       

     Matthew     H.     Slawson       and     Kamisha     L.     Johnson-Davis      

  Abstract 

   Flecainide, mexiletine, propafenone, and amiodarone are antiarrhythmic drugs that are used primarily in 
the treatment of cardiac arrhythmias. The monitoring of the use of these drugs has applications in thera-
peutic drug monitoring and overdose situations. LC-MS/MS is used to analyze plasma/serum extracts 
with loxapine as the internal standard to ensure accurate quantitation and control for any potential matrix 
effects. Positive ion electrospray is used to introduce the analytes into the mass spectrometer. Selected 
reaction monitoring of two product ions for each analyte allows for the calculation of ion ratios which 
ensures correct identifi cation of each analyte, while a matrix matched calibration curve is used for 
quantitation.  

  Key words     Flecainide  ,   Mexiletine  ,   Propafenone  ,   Amiodarone  ,   Plasma  ,   Serum  ,   UPLC  ,   Mass 
spectrometry  

1      Introduction 

      Cardiac  arrhythmias   are caused by abnormal activity of  the    endog-
enous    pacemaker   or by abnormalities associated with  impulse   
propagation. Several drugs exist to pharmacologically treat cardiac 
arrhythmia in lieu or in addition to more invasive procedures such 
as artifi cial pacemakers, ablations, or other surgical interventions. 
Mexilitene (e.g., Mexitil) is a Class IB sodium channel blocker 
related to lidocaine. Flecainide (e.g., Tambocor) and propafenone 
(e.g., Rhythmol) are potent sodium channel blocker of Class IC. In 
addition,  amiodarone   (e.g., Cordarone) exhibits properties of all 
four classes of antiarrhythmic drugs and also possess anti-anginal 
properties [ 1 ,  2 ]. 

 This method describes an analytical method to measure these 
four antiarrhythmic drugs in human serum/plasma by  precipitating 
serum/plasma proteins and collecting the supernatant for analysis. 
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The supernatant is injected onto the LC‐MS/MS. Qualitative 
identifi cation is made using unique MS/MS transitions, ion ratios of 
those transitions and chromatographic retention time. Quantitation 
is performed using a daily calibration curve of prepared calibration 
samples and using peak area ratios of analyte to internal standard to 
establish the calibration model. Patient sample concentrations are 
calculated based on the calibration model’s mathematical equa-
tion. Quantitative accuracy is monitored with QC samples inde-
pendently prepared with known concentrations of analyte and 
comparing the calculated concentration with the expected concen-
tration [ 3 – 6 ].  

2    Materials 

       1.    Pre-dose (trough) draw—At steady-state concentration for 
serum/plasma. Separate serum or plasma from cells within 2 h 
of collection.   

   2.    Collect in plain Red tube (Lavender or Pink top tubes also 
acceptable). Avoid gel or other separator tubes.   

   3.    Specimens can be stored at ambient temperature for 4 h 
(propafenone), 48 h (mexilitine), 4 weeks ( amiodarone  ), 6 
weeks (fl ecainide); refrigerated for 5 days (mexilitiene) or at 
least 4 weeks (propafenone, fl ecainide,  amiodarone  ); and at 
least 4 weeks frozen prior to analysis.      

       1.    Clinical Laboratory Reagent Water (CLRW).   
   2.    Mobile Phase A (CLRW with 0.1 % formic acid): 1.0 mL of 

concentrated formic acid in CLRW q.s. to 1.0 L in volumetric 
fl ask.   

   3.    Mobile Phase B: Acetonitrile with 0.1 % formic acid: 1.0 mL of 
concentrated formic acid in LC-MS-grade acetonitrile q.s. to 
1.0 L in volumetric fl ask.      

       1.    Flecainide, 1.0 mg/mL stock standard prepared in Methanol 
(Cerilliant, Round Rock, TX).   

   2.    Propafenone 1.0 mg/mL stock standard prepared in metha-
nol from commercially available powder (Sigma-Aldrich, St. 
Louis, MO).   

   3.    Mexilitene 1.0 mg/mL stock standard prepared in methanol 
from commercially available powder (Sigma-Aldrich, St. 
Louis, MO).   

   4.     Amiodarone   1.0 mg/mL stock standard prepared in methanol 
(Cerilliant, Round Rock, TX).   

   5.    Prepare working calibrators to prepare 25 mL of each using 
volumetric glassware. Add approximately 10 mL certifi ed negative 

2.1  Samples

2.2  Reagents

2.3  Standards 
and Calibrators

Matthew H. Slawson and Kamisha L. Johnson-Davis
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plasma/serum to a labeled volumetric fl ask. Add the appropriate 
volume as shown in Table  1  of each solution described in #1–5 
above to the fl ask; q.s. to 25 mL using certifi ed negative serum/
plasma. Add a stir bar and stopper and mix for at least 30 min 
at room temperature. Aliquot as appropriate for future use. 
Store aliquots frozen, stable for 1 year. This volume can be 
scaled up or down as appropriate ( see   Notes 1  and  2 ).

              1.    Controls: May be purchased from a third party and prepared 
according to the manufacturer. They can also prepared in-
house independently from calibrators’ source material using 
Table  1  as a guideline ( see   Note 1 ).   

   2.    Internal standard/protein precipitation solution:
   (a)    Prepare a 0.5 mg/mL stock solution of internal standard 

by adding 2.5 mg loxapine succinate salt (Sigma-Aldrich, 
St. Louis, MO) to a 5 mL volumetric fl ask, q.s. to volume 
with methanol, add a stir bar and stopper, and stir at room 
temperature for at least 30 min until equilibrated.   

  (b)    Add 0.25 L of acetonitrile to a 500 mL volumetric fl ask, 
add 2.5 mL of the stock internal standard solution made 
in  item 2a  (above) and q.s the fl ask with methanol to 
500 mL. Add a stir bar and stopper and allow mixing at 
room temperature for at least 30 min until equilibrated. 
Aliquot as needed for use in this assay (volumes can be 
scaled up or down as appropriate). Store frozen, stable for 
1 year ( see   Notes 1  and  2 ).          

       1.    Transfer/aliquoting pipettes and tips.   
   2.    1.5 mL polypropylene microcentrifuge tubes with caps.   
   3.    Instrument compatible autosampler vials with injector appro-

priate caps.   

2.4  Controls 
and Internal Standard

2.5  Supplies 
and Equipment

    Table 1  
  Preparation of calibrators   

 Calibrator 
 Volume of each 
1 mg/mL solution (µL)  Final [] (µg/mL) 

 1  2.5  0.1 

 2  7.5  0.3 

 3  15  0.6 

 4  25  1 

 5  75  3 

 6  150  6 

  The total volume is made to 25 mL with drug-free human serum/plasma  

Quantitation of Flecainide, Mexiletine, Propafenone, and Amiodarone in Serum…
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   4.    Acquity HSS T3 1.8 μm, 2.1 × 50 mm UPLC column (Waters, 
Milford, MA).   

   5.    Multi-tube Vortex mixer (e.g., VWR VX-2500).   
   6.    Foam rack(s) compatible with both microcentrifuge tubes and 

multi-tube vortex mixer.   
   7.    Centrifuge capable of 18,000 ×  g  that will accommodate micro-

centrifuge tubes.   
   8.    Waters Acquity TQD UPLC-MS/MS system (Milford, MA).       

3    Methods 

       1.    Briefl y vortex or invert each sample to mix.   
   2.    Aliquot 50 μL of each patient sample, calibrator and QC into 

appropriately labeled micrcentrifuge tubes.   
   3.    Add 500 μL of internal standard/precipitation solution to 

each vial.   
   4.    Cap each tube and vortex vigorously for 30 s.   
   5.    Centrifuge for ~10 min at ~18,000 ×  g  ( see   Note 3 ).   
   6.    Transfer the contents of each tube (from  steps 2  to  5 ) to an 

autosampler vial and cap.   
   7.    Analyze on LC-MS/MS.      

       1.    Table  2  summarizes typical LC conditions.
       2.    Table  3  summarizes typical MS conditions.
       3.    Table  4  summarizes typical MRM conditions.

       Each instrument should be individually optimized for best 
method performance.  

       1.    Representative MRM chromatograms of each antiarrhythmic 
and internal standard in plasma are shown in Fig.  1a–e .

       2.    The dynamic range for this assay is 0.1–6 μg/mL. Samples 
exceeding this range can be diluted 5× or 10× as needed to 
achieve an accurate calculated concentration, if needed.   

   3.    Data analysis is performed using the QuanLynx or TargetLynx 
software to integrate peaks, calculate peak area ratios, and con-
struct calibration curves using a linear 1/ x  weighted fi t ignor-
ing the origin as a data point. Sample concentrations are then 
calculated using the derived calibration curves ( see   Note 4 ).   

   4.    Calibration curves should have an  r  2  value ≥0.99.   
   5.    Typical imprecision is <15 % both inter- and intra-assay.   

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

3.3  Data Analysis

Matthew H. Slawson and Kamisha L. Johnson-Davis
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   Table 2  
  Typical HPLC conditions   

 Weak wash  Mobile phase A 

 Strong wash  Mobile phase B 

 Seal wash  Mobile phase A 

 Injection volume  2 μL 

 Vacuum 
degassing 

 On 

 Temperature  30 °C 

 A Reservoir  0.1 % HCOOH in CLRW 

 B Reservoir  0.1 % HCOOH in acetonitrile 

 Gradient table 

  Step    Time (min)    Flow (μL/min)    A (%)    B (%)    Curve  a  

 0  0  650  70  30  1 

 1  1  650  55  45  6 

 2  1.3  650  10  90  6 

 3  1.55  650  70  30  11 

   a Nonlinear gradient curves common to Waters systems  

   Table 3  
  Typical mass spectrometer conditions   

 Parameter  Value 

 Capillary (kV)  0.8 

 Cone (V)  20–40 

 Extractor (V)  3 

 RF (V)  0.1 

 Desolvation temp  450 

 Desolvation gas  900 

 Cone gas  30 

 Collision gas  0.25 

 Scan mode  MSMS 

 Polarity  Positive 

 Ion source  ESI 

 Resolution Q1  Unit 

 Resolution Q3  Unit 

 Dwell (s)  0.045 

Quantitation of Flecainide, Mexiletine, Propafenone, and Amiodarone in Serum…
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   6.    An analytical batch is considered acceptable if chromatography 
is acceptable and QC samples calculate to within 20 % if their 
target values and ion ratios are within 20 % of the calibration 
curve ion ratios.       

4    Notes 

     1.    Validate/verify all calibrators, QCs, internal standard, and neg-
ative matrix pools before placing into use.   

   2.    Carefully add methanolic solutions to plasma to avoid exces-
sive protein precipitation. If desired, methanol can be evapo-
rated in the volumetric fl ask prior to addition of plasma/serum.   

   3.    Time and speed of centrifugation step can be optimized to 
ensure that a fi rm pellet is formed so as not to transfer any 
precipitate to autosampler vial.   

   4.    Loxapine shows good recovery and a retention time interme-
diate to the other analytes making it a good compromise 
internal standard for all four antiarrythmics. Ion suppression 
studies (data not shown) indicate that this I.S. offers control 
of matrix effects under the conditions described. Structural 
and/or isotopically labeled analogs of each drug may be uti-
lized if desired.              

   Table 4  
  Typical MRM conditions   

 Analyte  Precursor  Product (quant)  Product (qual.) 

 Flecainide  415.1  398.1  301.1 

 Collision energy  25  35 

  Mexiletine    180.1  58.1  105.1 

 Collision energy  10  20 

  Propafenone    342.1  98.1  72.1 

 Collision energy  25  30 

  Amiodarone    646.1  58.1  72.1 

 Collision energy  45  30 

 Loxapine (internal 
standard) 

 328.1  84.1  297.1 

 Collision energy  25  25 

Matthew H. Slawson and Kamisha L. Johnson-Davis
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  Fig. 1    Typical MRM chromatograms for ( a ) mexilitene (0.33 min), ( b ) fl ecainide (0.68 min), ( c ) loxapine 
(0.71 min), ( d )  propafenone   (0.86 min), ( e )  amiodarone   (1.46 min) in plasma. 0.3 ng/mL (see text) extracted 
from fortifi ed human plasma and analyzed according to the described method           
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    Chapter 3   

 Quantitation of the Oral Anticoagulants Dabigatran, 
Rivaroxaban, Apixaban, and Warfarin in Plasma Using 
Ultra-Performance Liquid Chromatography with Tandem 
Mass Spectrometry (UPLC-MS/MS)       

     Jaime     H.     Noguez       and     James     C.     Ritchie     

  Abstract 

   This chapter describes a method to measure the oral anticoagulants dabigatran, rivaroxaban, apixaban, and 
warfarin in plasma samples using ultra-performance liquid chromatography combined with tandem mass 
spectrometry (UPLC-MS/MS). The instrument is operated in multiple reaction monitoring (MRM) 
mode with an electrospray ionization (ESI) source in positive ionization mode. Samples are extracted with 
a 90:10 methanol/0.1 N hydrochloric acid solution containing stable isotope-labeled internal standards 
for each analyte. After centrifugation the supernatant is transferred to a mass spectrometry vial, injected 
onto the UPLC-ESI-MS/MS, and quantifi ed using an eight-point calibration curve.  

  Key words     Anticoagulant  ,   Dabigatran  ,   Rivaroxaban  ,   Apixaban  ,   Warfarin  ,   Mass spectrometry  

1      Introduction 

        Millions  of    patients    worldwide   are  prescribed   oral  anticoagulant   
therapy. Until recently  vitamin   K  antagonists  , such as warfarin (the 
most commonly prescribed drug in this class), were the only oral 
anticoagulant drugs available to clinicians. The US Food and Drug 
Administration recently approved dabigatran etexilate, rivaroxa-
ban, and apixaban for the prevention and treatment of thrombosis 
[ 1 ]. These drugs represent a new class of oral anticoagulants 
referred to as  n on-vitamin K  o ral  a nti c oagulants (NOACs) and 
unlike the traditionally used therapies they target and selectively 
inhibit specifi c enzymes in the coagulation cascade. Dabigatran 
etexilate, a prodrug for dabigatran, is a direct thrombin inhibitor; 
while rivaroxaban and apixaban directly inhibit factor Xa [ 2 – 4 ]. 
Their direct mechanisms of action provide a number of benefi ts 
such as rapid onset of activity, short half-life, and a wide therapeu-
tic range [ 2 – 4 ]. 
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 Although the NOACs were designed for use without the need 
for routine laboratory monitoring, due to their predictable phar-
macological profi les, there are a number of situations when identi-
fi cation and quantitation may be required for clinical decision 
making, such as: determining whether drug failure is the cause of 
an adverse event (thrombotic/hemorrhagic), checking compliance 
with the prescribed therapy, perioperative patient management, 
suspected overdose, identifying drugs in unconscious or incoher-
ent patients, checking patients with acute ischemic stroke prior to 
administration of thrombolytic therapy, and monitoring patients at 
risk for drug accumulation. The plasma concentrations of these 
new drugs and warfarin can be measured simultaneously with good 
accuracy and precision using UPLC-ESI-MS/MS in positive ion-
ization mode. Simultaneous measurement of these four drugs may 
be especially useful for monitoring patients transitioning between 
oral anticoagulant therapies.  

2    Materials 

   Acceptable sample types are heparin, citrate, or EDTA plasma. 
Samples are stable for 4 days when refrigerated and up to 12 
months when frozen at −80 °C.  

       1.    Mobile phase A (0.1 % formic acid in water): Add 1 mL of 
formic acid to a 1 L volumetric fl ask, bring to volume with 
water, and mix. Stable at room temperature (18–24 °C) for 
1 year.   

   2.    Mobile phase B (0.1 % formic acid in methanol): Add 1 mL of 
formic acid to a 1 L volumetric fl ask, bring to volume with 
methanol, and mix. Stable at room temperature (18–24 °C) 
for 1 year.   

   3.    Human drug-free pooled plasma.      

       1.    Primary standard solutions (1 mg/mL in 9:1 methanol/
DMSO): Dabigatran and Apixaban (Alsachim, Strasbourg, 
France), Rivaroxaban (SynFine Research, Inc., Ontario, 
Canada), (+/−) Warfarin (Sigma Aldrich, St. Louis, MO).   

   2.    Combined working standard (10 μg/mL in methanol): 
Transfer 100 μL of each primary standard (dabigatran, apixa-
ban, rivaroxaban, (+/−) warfarin) to a 10 mL volumetric fl ask 
and fi ll with methanol. The combined working standard is 
stable for 1 year at −80 °C.   

   3.    Calibrators are prepared according to Table  1  using 10 mL 
volumetric fl asks. The calibrators are stable for 1 year at −80 °C.

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Standards 
and Calibrators

Jaime H. Noguez and James C. Ritchie
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              1.    Primary internal standard (IS) solutions (1 mg/mL in 9:1 
methanol/DMSO): [ 13 C 6 ] Dabigatran, [ 13 C,  2 H 7 ]-Apixaban, 
and [ 13 C 6 ]-Rivaroxaban (Alsachim, Strasbourg, France), (+/−) 
Warfarin-d5 (C/D/N Isotopes, Inc., Quebec, Canada).   

   2.    Secondary IS solutions, 100 μg/mL in methanol: Transfer 
0.5 mL of each primary standard to a separate 5 mL volumetric 
fl ask and fi ll to volume with methanol. The secondary IS solu-
tions are stable for 1 year at −80 °C.   

   3.    Working IS solution, (400 ng/mL [ 13 C 6 ]-Rivaroxaban, 17 ng/
mL [ 13 C 6 ]-Dabigatran, 2200 ng/mL [ 13 C,  2 H 7 ]-Apixaban, 
and 400 ng/mL (+/−) Warfarin-d5 in 90:10 Methanol: 0.1 N 
HCl): Transfer 400 μL of [ 13 C 6 ]-Rivaroxaban secondary IS 
solution, 17 μL [ 13 C 6 ]-Dabigatran secondary IS solution, 
2.2 mL [ 13 C,  2 H 7 ]-Apixaban secondary IS solution, and 400 μL 
(+/−) Warfarin-d5 secondary IS solution into a single 100 mL 
volumetric fl ask. Add 10 mL of 0.1 N HCl then fi ll to volume 
with methanol. The working IS solution is stable for 6 months 
refrigerated.   

   4.    Prepare low (50 ng/mL), medium (350 ng/mL) and high 
(650 ng/mL) controls according to Table  2  by spiking drug- 
free human plasma with a different set of dabigatran, rivaroxa-
ban, apixaban, and warfarin stock solutions. Transfer aliquots 
to microcentrifuge tubes for storage at −80 °C. The controls 
are stable for 1 year.

2.4  Internal 
Standards and Quality 
Controls

   Table 1  
  Preparation of calibrators   

 Calibrator 
 μL of combined working 
standard (10 μg/mL) 

 Drug-free 
plasma (mL) 

 Concentration 
(ng/mL) 

 1  0  10.000  0 

 2  5  9.995  5 

 3  25  9.975  25 

 4  50  9.950  50 

 5  125  9.875  125 

 6  250  9.750  250 

 7  500  9.500  500 

 8  1000  9.000  1000 

  The total volume is made to 10 mL with drug-free human plasma 
 Calibrators are stable for 1 year at −80 °C  

Quantitation of Oral Anticoagulants by UPLC-MS/MS
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              1.    ZORBAX SB-CN column, 3.0 mm × 50 mm, 1.8 μm particle 
size, 600 bar (Agilent Technologies, Santa Clara, CA).   

   2.    Waters ACQUITY UPLC System with autosampler (Waters 
Corp., Milford, MA).   

   3.    Waters Xevo TQ MS equipped with MassLynx analytical soft-
ware (Waters Corp., Milford, MA).       

3    Methods 

       1.    Pipet 100 μL of each standard, control, and sample to the 
appropriately labeled microcentrifuge tube.   

   2.    Add 250 μL of working internal standard solution to each 
tube, mix well on vortex mixer, and then let sit for 10 min 
( see   Note 1 ).   

   3.    Centrifuge for 7 min at 14,000 ×  g  ( see   Note 2 ).   
   4.    Transfer supernatant to an appropriately labeled autosampler 

screw-topped MS sample vial ( see   Note 3 ).   
   5.    Place vial into HPLC autosampler.      

       1.    Inject 10 μL on the LC-MS/MS system for analysis.   
   2.    The instrument’s operating conditions are given in Table  3 .

              1.    A representative UPLC-MS/MS chromatogram is shown in 
Fig.  1 .

       2.    The data are analyzed using MassLynx Software (Waters Corp., 
Milford, MA). Standard curves are generated based on linear 
aggression of the analyte/IS peak ratio versus analyte concen-
tration using the quantifying ions listed in Table  4 .

       3.    A typical calibration curve has a correlation coeffi cient ( R  2 ) of 
>0.99.   

2.5  Supplies 
and Equipment

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

3.3  Data Analysis

   Table 2  
  Preparation of in-house plasma controls   

 Control 
 μL of combined working 
standard (10 μg/mL) 

 Drug-free 
plasma (mL) 

 Concentration 
(ng/mL) 

 Low   50  9.95   50 

 Medium  350  9.65  350 

 High  650  9.35  650 

  Calibrators are stable for 1 year at –80 °C  

Jaime H. Noguez and James C. Ritchie
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   4.    An analytical run is considered acceptable if the calculated con-
trol concentrations are within two standard deviations of the 
target values and the ratios of qualifi er ions to quantifying ions 
are within 10 % of the ion ratios for the calibrators.   

   5.    Quantitation is linear to 1000 ng/mL and lower limits of 
quantitation are as follows: dabigatran 5.0 ng/mL, warfarin 
2.5 ng/mL, apixaban 1.5 ng/mL, and rivaroxaban 0.5 ng/
mL. Samples in which the drug concentrations exceed the 
upper limit of quantitation should be diluted with drug-free 
plasma and retested.   

   6.    The intra- and inter-assay variation (%CV) is <10 % for all ana-
lytes over the entire range.       

   Table 3  
  UPLC-ESI-MS/MS operating conditions   

 A. UPLC a  

 Column temp. (°C)  35 

 Flow (mL/min)  0.4 

 Gradient  Time (min)  Mobile phase A (%) 

 0  100 

 2.00  50 

 4.00  34 

 5.00  0 

 5.50  100 

 B. MS/MS tune settings b  

 Capillary (kV)  0.5 

 Source temp. (°C)  150 °C 

 Desolvation temp. (°C)  500 °C 

 Cone gas fl ow (L/h)  1 

 Desolvation gas fl ow (L/h)  1000 

 LM 1 resolution  2.56 

 LM 2 resolution  2.80 

 HM 1 resolution  14.68 

 HM 2 resolution  14.86 

   a Mobile phase A, 0.1 % formic acid in water; mobile phase B, 0.1 % formic acid in 
methanol 
  b Tune settings may vary slightly between instruments  

Quantitation of Oral Anticoagulants by UPLC-MS/MS
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  Fig. 1    UPLC-ESI-MS/MS chromatogram of the oral  anticoagulants    dabigatran  , 
rivaroxaban,  apixaban  ,  and   warfarin       

   Table 4  
  Quantifying and qualifying ions   

 Compound 
 Precursor 
ion (M + H) 

 Product ions a  
(quantitative, qualifi er)  Cone (V)  Collision (eV)  Dwell (s) 

 Warfarin  309.00  163.00, 251.05  20.00  15.00  0.025 

 Warfarin-d5  314.2  163.00, 251.20  20.00  17.00  0.025 

  Rivaroxaban    436.20  144.90, 231.20  35.00  25.00  0.025 

 [ 13 C 6 ]-Rivaroxaban  442.00  144.90  35.00  30.00  0.025 

  Apixaban    460.34  199.05, 76.97  40.00  39.00  0.025 

 [ 13 C,  2 H 7 ]-Apixaban  482.20  199.05  50.00  40.00  0.025 

  Dabigatran    472.00  288.50, 324.10  35.00  24.00  0.025 

 [ 13 C 6 ]-Dabigatran  478.00  295.00, 312.20  35.00  24.00  0.025 

   a Optimized  m / z  may change based on tuning parameters  

 

Jaime H. Noguez and James C. Ritchie
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4    Notes 

     1.    Mix samples vigorously and allow to sit at room temperature 
for at least 10 min to ensure adequate extraction.   

   2.    Be sure that the supernatants are clear after centrifugation. If 
not, increase centrifugation time.   

   3.    Be careful not to transfer any of the pellets from the bottom of 
the tubes following microcentrifugation.                
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    Chapter 4   

 Simultaneous Quantitation of Lamotrigine, Levetiracetam, 
10-Hydroxycarbazepine, Topiramate, and Zonisamide 
in Serum Using HPLC-MS/MS       

     Dean     C.     Carlow      ,     Heng     Shi    , and     Ryan     C.     Schofi eld     

  Abstract 

   Antiepileptic drugs (AEDs) are a diverse group of pharmacological agents used in the treatment of epilep-
tic seizures. Over the past several decades some new AEDs, including lamotrigine (LTG), levetiracetam 
(LVA), oxcarbazepine (OXC), topiramate (TOP), and zonisamide (ZNS), have become widely used. This 
chapter describes a very simple and rapid liquid chromatography-tandem mass spectrometry method for 
simultaneous quantitation of LVA, ZNS, LTG, TOP, and MHD in human serum. The method requires a 
very small amount of serum (50 μL) for multiple drug measurements and has a total analysis time of 4 min 
that makes it well suited for routine clinical analysis of several drugs simultaneously. The imprecision (CVs) 
measured at various concentrations across the analytical measurement range (AMR) are less than 7 % for 
all analytes. The AMR for each analyte is as follows: LVA (1–100 μg/mL), ZNS (0.8–80 μg/mL), TOP 
(0.5–50 μg/mL), and 0.6–60 μg/mL for LTG and MHD.  

  Key words     Lamotrigine  ,   Levetiracetam  ,   10-Hydroxycarbazepine  ,   Topiramate  ,   Zonisamide  ,   Mass 
spectrometry  ,   Therapeutic drug monitoring  ,   Antiepileptic drugs  

1      Introduction 

 Antiepileptic drugs (AEDs)  are   a diverse group of  pharmacological   
 agents   used  in   the  treatment   of epileptic  seizures  .  AEDs   suppress the 
rapid and excessive fi ring of neurons during seizures and prevent the 
spread of the seizure within the brain. The  AEDs   are among the most 
common medications for which  therapeutic drug monitoring (TDM)   
is performed. The reasons include the fact that the  AEDs   have a nar-
row therapeutic range and the clinical response often corresponds 
better to the drug concentration than the dose and the drugs display 
a pronounced intraindividual variation in their pharmacokinetics [ 1 –
 3 ]. In addition, physiological markers for  AED   clinical effi cacy or 
toxicity are not immediately apparent and  seizures   occur at irregular 
intervals; treatment is therefore  prophylactic which makes determin-
ing the optimal dose diffi cult on clinical grounds alone [ 1 – 3 ]. 
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 Over the past several decades some new AEDs, including 
lamotrigine (LTG), levetiracetam (LVA), oxcarbazepine (OXC), 
topiramate (TOP), and zonisamide (ZNS), have been approved 
and become widely used. Compared with the older AEDs the 
newer drugs generally have a lower rate of side effects, once- or 
twice-daily dosing and for some, fewer drug-drug interactions [ 4 , 
 5 ]. TDM is performed less frequently with newer AEDs because 
they generally display less pharmacokinetic variation than the older 
drugs and there is less documentation of a correlation between 
serum concentrations and clinical effects to support its use [ 4 ,  5 ]. 
However, TDM may be warranted for newer AEDs for a number 
of reasons: (a) to determine the optimal concentration for the indi-
vidual patient; (b) to monitor compliance; (c) serum concentra-
tions of the drugs that are eliminated renally (including topiramate 
and levetiracetam) can change drastically based on age, renal func-
tion, and  pregnancy  ; (d) some of the newer  AEDs   are highly 
metabolized (including zonisamide, oxcarbazepine, and lamotrig-
ine) and therefore will display variable pharmacokinetics; (e) one of 
the newer  AEDs   is a prodrug (oxcarbazepine) and the active 
metabolite  10-hydroxycarbazepine   (MHD) is monitored clinically; 
(f) many patients on the newer  AEDs   receive multiple agents 
simultaneously which may result in drug-drug interactions [ 1 – 7 ]. 

 This chapter describes a very simple and rapid  liquid 
chromatography- tandem mass spectrometry   method for simulta-
neous quantifi cation of LVA, ZNS, LTG, TOP, and MHD in 
human serum. The method requires a very small amount of serum 
(50 μL) for multiple drug measurements and has a total analysis 
time of 4 min that makes it well suited for routine clinical analysis 
of several drugs simultaneously.  

2    Materials 

   Serum or plasma (heparin) samples are acceptable for this proce-
dure. Samples are stable 1 week when refrigerated or 4 weeks when 
frozen at −20 °C.  

       1.    Bovine serum albumin (Sigma-Aldrich).   
   2.    Drug-free serum (UTAK Laboratories).   
   3.    Mobile phase A (2.5 mM ammonium formate in water con-

taining 1 % methanol): Add 980 mL of water to a 1 L gradu-
ated cylinder. To the cylinder add 10 mL methanol and 10 mL 
of 250 mM ammonium formate. Decant into a 1 L HPLC 
solvent bottle, cap, and invert ten times. Degas for 5 min by 
sonication. The mobile phase is stable at room temperature, 
18–24 °C, for 1 month.   

   4.    Mobile phase B (2.5 mM ammonium formate in methanol): 
Add 990 mL of methanol to a 1 L graduated cylinder. To the 

2.1  Samples

2.2  Reagents

Dean C. Carlow et al.
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cylinder add 10 mL of 250 mM ammonium formate. Decant 
into a 1 L HPLC solvent bottle, cap, and invert ten times. 
Degas for 5 min by sonication. The mobile phase is stable at 
room temperature, 18–24 °C, for 1 month.   

   5.    Extraction Solution (0.1 M zinc sulfate solution containing 
0.1 % formic acid): Using an analytical balance weigh 14.3 g 
zinc sulfate heptahydrate and add to a 500 mL solvent bottle. 
Add 500 mL water and 500 μL formic acid. Cap and mix well. 
The solution is stable refrigerated, 2–8 °C, for 1 month.   

   6.    Internal standard solution (clonazepam-D 4  in methanol, 10 
μg/mL): Add 9 mL of methanol to a 20 mL amber vial. Then 
add 1 mL of clonazepam-D 4  stock (100 μg/mL) and mix well. 
The solution is stable for 6 months when stored at −20 °C.   

   7.    Injection solvent (mobile phase A/mobile phase B, 20:1 v/v): 
Using a 500 mL graduated cylinder add 475 mL mobile phase 
A and 25 mL mobile phase B. Decant into a 1 L HPLC solvent 
bottle, cap and invert ten times. Degas for 5 min by sonication. 
The solution is stable refrigerated, 2–8 °C, for 3 months.   

   8.    Wash Solvent (methanol/2-propanol/water, 7:2:1 v/v): In a 
500 mL graduated cylinder, add 350 mL of methanol, 100 mL 
of 2-propanol, and 50 mL of water and transfer into an HPLC 
wash bottle. Degas the solution for 5 min by sonication. The 
solution is stable at room temperature, 18–24 °C, up to 1 
month.      

       1.    Primary standards: LVA (UCB Pharma), ZNS (Sigma-Aldrich), 
LTG (Sigma-Aldrich), TOP (Sigma-Aldrich), and MHD 
(Novartis).   

   2.    Primary internal standard (I.S.): Clonazepam-D 4  100 μg/mL 
(Sigma-Aldrich).   

   3.    Standard stock solutions:
   (a)    Levetiracetam (LVA, 800 μg/mL): Using an analytical 

balance weigh 20 mg of LVA and transfer into a 25 mL 
volumetric fl ask. Bring to volume with methanol and mix 
thoroughly to ensure homogeneity. Stock solution is sta-
ble for 1 year when stored at −80 °C.   

  (b)    Zonisamide (ZNS, 400 μg/mL): Using an analytical bal-
ance weigh 10 mg of ZNS and transfer into a 25 mL volu-
metric fl ask. Bring to volume with methanol and mix 
thoroughly to ensure homogeneity. Stock solution is sta-
ble for 1 year when stored at −80 °C.   

  (c)    Lamotrigine (LTG, 400 μg/mL): Using an analytical bal-
ance weigh 10 mg of LTG and transfer into a 25 mL volu-
metric fl ask. Bring to volume with methanol and mix 
thoroughly to ensure homogeneity. Stock solution is sta-
ble for 1 year when stored at −80 °C.   

2.3  Internal 
Standards 
and Standards
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  (d)     10-Hydroxycarbazepine   (MHD, 400 μg/mL): Using an 
analytical balance weigh 10 mg of MHD and transfer into 
a 25 mL volumetric fl ask. Bring to volume with methanol 
and mix thoroughly to ensure homogeneity. Stock solu-
tion is stable for 1 year when stored at −80 °C.   

  (e)    Topiramate (TOP, 400 μg/mL): Using an analytical bal-
ance weigh 10 mg of TOP and transfer into a 25 mL volu-
metric fl ask. Bring to volume with methanol and mix 
thoroughly to ensure homogeneity. Stock solution is sta-
ble for 1 year when stored at −80 °C.          

       1.    Calibrators: Six calibrators are used when generating a stan-
dard calibration curve with concentrations depicted in Table  1  
( see   Notes 1  and  2 ).

       2.    High calibrator preparation: Begin by making the high calibra-
tor (calibrator 6) as follows: To three individual 13 × 100 mm 
glass tubes add LVA (250 μL), ZNS (400 μL), LTG (200 μL), 
MHD (300 μL), and TOP (250 μL) from their respective stan-
dard stock solutions. Evaporate the solvent of the high calibra-
tor to dryness at 37 °C in a TurboVap evaporator using a 
stream of nitrogen. Reconstitute the compounds with 2 mL 
drug-free serum per tube and vortex mix thoroughly. Combine 
the three reconstituted serum tubes to generate 6 mL of cali-
brator 6. To produce calibrators 1–5 ( see  Table  2  and  Note 3 ).

       3.    Check the new lot of standards by verifying fi ve unknown 
patient samples with the current lot of calibrators. The agree-
ment between the two calculated concentrations must be 
within 10 %.   

   4.    Controls:  AED   II Serum  Toxicology   Controls (Bi-Level) were 
purchased from UTAK Laboratories. Reconstitute controls 
with 5 mL of water. The reconstituted control is stable for 25 
days at 2–8 °C ( see   Note 3 ).   

2.4  Calibrators 
and Controls

   Table 1  
  Calibrator concentrations (μg/mL)   

 Compound  LVA  ZNS  LTG  MHD  TOP 

 Calibrator 1  2.0   1.6   0.8   1.2   1.0 

 Calibrator 2  10.0   8.0   4.0   6.0   5.0 

 Calibrator 3  25.0  20.0  10.0  15.0  12.5 

 Calibrator 4  50.0  40.0  20.0  30.0  25.0 

 Calibrator 5  75.0  60.0  30.0  45.0  37.5 

 Calibrator 6  100.0  80.0  40.0  60.0  50.0 
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   5.    Establish a range for the new lot of controls by collecting data 
points over 20 consecutive runs and establish the mean and 
standard deviation.      

       1.    HPLC series 200 system (Perkin Elmer) coupled to an Applied 
Biosystems API 4000 triple quadrupole mass spectrometer 
(AB Sciex).   

   2.    Guard Column: C 18 , 2 × 4 mm (Phenomenex).   
   3.    HPLC column: Gemini C 18 , 50 × 2.0 mm i.d., 3 μm particle 

(Phenomenex).   
   4.    Eppendorf 1.5 mL microcentrifuge tubes and National 

Scientifi c 2 mL amber glass vials with inserts and pre-slit caps 
or equivalent.   

   5.    TurboVap LV evaporator (Biotage).      

       1.    High-performance  liquid chromatography   (HPLC): A Perkin 
Elmer HPLC Series 200 system consisted of an autosampler, 
column oven, and two micro pumps. Chromatographic sepa-
rations of the fi ve  AEDs   and the internal standard were achieved 
using a 50 × 2.0 mm i.d., 3 μm particle size Gemini C 18  col-
umn, with a C 18  guard column (2 × 4 mm) maintained at 
50 °C. Mobile phase A consisted of 1 % methanol in water and 
2.5 mM ammonium formate, and mobile phase B 2.5 mM 
ammonium formate in methanol. The HPLC method is 
described in Table  3 . The injection volume is 5 μL, with a 
syringe wash volume of 250 μL using the syringe wash solvent. 
The autosampler performs one wash pre-injection and three 
washes post-injection.

       2.     Tandem mass spectrometry  : Mass spectrometric detection was 
performed using an Applied Biosystems API 4000 triple qua-
dropole mass spectrometer equipped with an electrospray 

2.5  Analytical 
Equipment 
and Supplies

2.6  Instrument 
Operating Conditions

   Table 2  
  Calibrator preparation   

 Calibrator 
 Calibrator stock 
used 

 Volume added 
(μL) 

 Blank serum 
added (μL) 

 1  Calibrator 6  40  1960 

 2  Calibrator 6  200  1800 

 3  Calibrator 6  500  1500 

 4  Calibrator 6  1000  1000 

 5  Calibrator 6  1500   500 

 Blank  0  0  2000 
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 ionization (ESI) source operating in a positive ion mode. 
Multiple reaction monitoring (MRM) was selected for detec-
tion of the fi ve drugs and internal standard with a dwell time of 
75 ms. As shown in Table  4 , two mass transitions were moni-
tored for each analyte. The tune parameters used for data 
acquisition were: source temperature of 300 °C; collision acti-
vation dissociation (CAD) gas value of 4; curtain gas of 30 psi; 
nebulizer gas of 35 psi; heating gas of 35 psi; and a spray volt-
age of 4500 V. Nitrogen (99.995 % purity) was used as the 
desolvation and collision gas. The MRM acquisition method 
was run in unit resolution (0.7 amu) in both Q1 and Q3.

3            Methods 

       1.    Run a system suitability to confi rm the system performance ( see  
 Note 2 ).   

   2.    To 1.5 mL microcentrifuge tubes pipette 25 μL sample (cali-
brators, controls, or patient specimen) ( see   Note 3 ).   

   3.    Add 50 μL of the extraction solution (0.1 M zinc sulfate solu-
tion with 0.1 % formic acid).   

3.1  Stepwise 
Procedure

   Table 3  
  HPLC method   

 Step  Total time (min)  Flow rate (μL/min)  %A  %B 

 0  1.0  300  95   5 

 1  0.5  300  95   5 

 2  2.0  300   5  95 

 3  4.0  300   5  95 

    Table 4  
  Analyte precursor and product ions ( m / z )   

 Analyte  Precursor ion  1° Product ion  2° Product ion  CE (V) 

 LVA  171  126  154  17 

 ZNS  213  132   77  22 

 LTG  256  211  145  38 

 MHD  255  194  237  25 

 TOP  340  264  282  25 

 Clonazepam-D 4   320  274  N/A  35 

  Optimized  m / z  may change based on instrument and tuning parameters  

Dean C. Carlow et al.
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   4.    Add 50 μL of the internal standard solution (clonazepam-D 4  
in methanol, 10 μg/mL).   

   5.    Add 1 mL of methanol.   
   6.    Cap and vortex each sample at maximum speed for 5 s.   
   7.    Centrifuge for 5 min at 13,800 ×  g .   
   8.    Transfer 1 mL of the injection solvent to an appropriately 

labeled glass autosampler vial.   
   9.    Transfer 50 μL of the supernatant to 1 mL of the injection 

solvent.   
   10.    Place all samples in the autosampler and inject 5 μL of the 

sample into the LC-ESI-MS/MS ( see   Note 4 ).      

       1.    The data are analyzed using Analyst 1.4.1 software (AB Sciex).   
   2.    Standard curves are based on a linear regression for all analytes. 

Weighted linear regression models with weights inversely pro-
portional to the  X  values were used. The analysis compared I.S. 
peak area to sample peak area ( y -axis) versus analyte concentra-
tion ( x -axis) using the quantifying ions indicated in Table  4 .   

   3.    Acceptability of each run is confi rmed if the calculated control 
concentrations fall within 2 standard deviations of the target 
mean values. Target values are established as the mean of 20 
runs. If any of the controls are greater than 3 standard devia-
tions the run cannot proceed and troubleshooting procedure 
must commence.   

   4.    Typical coeffi cients of correlation of the standard curve are 
>0.99 ( see   Note 5 ).   

   5.    Typical chromatograms for a calibrator and a patient sample 
are shown in Figs.  1  and  2 .

3.2  Analysis

  Fig. 1    LC-ESI-MS/MS ion chromatograms of LVA, ZNS, LTG, MHD, and clonaze-
pam- D4 (I.S.) primary product ions from a calibrator sample       
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4             Notes 

     1.    A new standard curve should be generated with each analytical 
run to ensure method performance.   

   2.    A system suitability should be performed each day the method is 
run. The suitability includes running a test mix with all analytes 
to ensure proper retention time, integration, and sensitivity.   

   3.    Individual sets of calibrators and controls can be aliquoted and 
stored at −80 °C for 1 year. For each calibrator or control, 
 aliquot 75 μL into a glass inset and place in a 2 mL amber glass 
vial and cap. Thaw completely before use.   

   4.    Retention times are instrument specifi c and can vary due to 
column use and PEEK tubing length.   

   5.    The imprecision (CVs) measured at various concentrations across 
the analytical measurement range (AMR) are less than 7 % for all 
analytes. The calibration curves are linear over the AMR with 
correlation coeffi cients  r  ≥ 0.99. The AMR for each analyte is as 
follows: LVA (1–100 μg/mL), ZNS (0.8–80 μg/mL), TOP 
(0.5–50 μg/mL), and 0.6–60 μg/mL for LTG and MHD.         
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    Chapter 5   

 Quantifi cation of the Triazole Antifungal Compounds 
Voriconazole and Posaconazole in Human Serum 
or Plasma Using Liquid Chromatography Electrospray 
Tandem Mass Spectrometry (HPLC-ESI-MS/MS)       

     Alejandro     R.     Molinelli       and     Charles     H.     Rose     IV     

  Abstract 

   Voriconazole and posaconazole are triazole antifungal compounds used in the treatment of fungal infec-
tions. Therapeutic drug monitoring of both compounds is recommended in order to guide drug dosing 
to achieve optimal blood concentrations. In this chapter we describe an HPLC-ESI-MS/MS method for 
the quantifi cation of both compounds in human plasma or serum following a simple specimen preparation 
procedure. Specimen preparation consists of protein precipitation using methanol and acetonitrile fol-
lowed by a cleanup step that involves fi ltration through a cellulose acetate membrane. The specimen is then 
injected into an HPLC-ESI-MS/MS equipped with a C18 column and separated over an acetonitrile 
gradient. Quantifi cation of the drugs in the specimen is achieved by comparing the response of the 
unknown specimen to that of the calibrators in the standard curve using multiple reaction monitoring.  

  Key words     Antifungal  ,   Triazole  ,   Voriconazole  ,   Posaconazole  ,   Mass spectrometry  ,   Fungal infection  , 
  Therapeutic drug monitoring  

1      Introduction 

  Voriconazole   and  posaconazole   are second-generation  triazole   
antifungal  compounds   used in  the    management   of  fungal infec-
tions  . The mechanism of action for both drugs involves blocking 
the conversion of lanosterol to ergosterol in the fungal cell mem-
brane by inhibition of the cytochrome P450 enzyme 14α-lanosterol 
demethylase [ 1 ,  2 ]. Voriconazole is a broad-spectrum antifungal 
agent that exhibits activity against molds, yeasts, and endemic 
mycoses; it is available in oral and parenteral formulations. 
Voriconazole is metabolized in the liver by CYP2C19, CYP3A4, 
and CYP2C9 [ 3 ]. The presence of CYP2C19 gain-of- function 
alleles in particular is associated with voriconazole concentrations 
that are below the therapeutic range in children [ 4 ]. A prospective, 
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randomized controlled trial in adults found that outcomes in 
patients undergoing  therapeutic drug monitoring   of voriconazole 
were signifi cantly better than those in patients who received a fi xed 
regimen of the drug [ 5 ]. 

 Posaconazole has the widest spectrum of antifungal activity of 
any triazole and is the fi rst to demonstrate activity against zygomy-
cetes. It is indicated for the prophylaxis of invasive  Aspergillus  spp. 
and  Candida  spp. infections in severely immunocompromised 
patients [ 6 ]. Posaconazole absorption is affected by fatty foods, 
gastric pH, and mucosal health. Posaconazole bioavailability is also 
affected by its saturable absorption [ 3 ].  Therapeutic drug monitor-
ing   of posaconazole is recommended given its pharmacokinetic 
variability, the relationships between concentration and effect 
observed in experimental models of invasive  fungal infections  , and 
fi ndings of sub-therapeutic concentrations in patients receiving 
fi xed regimens of the drug [ 6 ,  7 ]. 

 Triazole compounds can be monitored using various analytical 
techniques including HPLC-UV and LC-MS/MS [ 8 – 12 ]. The 
method described here involves the quantifi cation of voriconazole 
and posaconazole following a simple sample preparation proce-
dure. Sample preparation consists of protein precipitation using 
methanol and acetonitrile followed by a cleanup step using cellu-
lose acetate fi lters. The specimen is then injected into an HPLC-
ESI- MS/MS equipped with a C18 column and separated over an 
acetonitrile gradient. The detector consists of a tandem mass spec-
trometer operated in the multiple reaction monitoring mode. The 
precursor and two product ions are monitored per analyte.  

2    Materials 

   Human plasma (EDTA) or serum is acceptable for this procedure. 
Samples are stable for 1 month when refrigerated at 4 °C or 1 year 
when frozen at −20 °C.  

       1.    Ammonium formate buffer (20 mM, pH 3.8): Add 1.26 g of 
ammonium formate to 995 mL of deionized water contained 
in a 1 L glass beaker. Mix using a magnetic stirrer. Adjust the 
pH to 3.8 with formic acid or sodium hydroxide and adjust the 
volume to 1 L after transferring to a volumetric fl ask. Recheck 
the pH and adjust if necessary. Store the buffer in a capped 
bottle at 4 °C. Use within 1 month.   

   2.    Protein precipitation solution (methanol/acetonitrile (1:1) 
containing 0.1 % formic acid): Combine 50 mL of LC/MS- 
grade methanol and 50 mL of LC/MS-grade acetonitrile in a 
100 mL glass bottle. Add 100 μL of formic acid to 100 mL of 
methanol/acetonitrile 1:1 (v/v). Store at room temperature 

2.1  Samples

2.2  Reagents
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for up to 6 months. Keep lid tightly closed to prevent 
evaporation.   

   3.    Methanol 75 %: Add 12.5 mL of deionized water to 37.5 mL 
of LC/MS-grade methanol and mix thoroughly. Store at room 
temperature. Use within 6 months.   

   4.    Mobile phase A (40 % acetonitrile/2 mM ammonium formate 
buffer): Add 200 mL of LC/MS grade acetonitrile, and 50 mL 
of 20 mM ammonium formate to 250 mL deionized water. 
Mix the solution well and fi lter under vacuum through a 0.2 
μm nylon membrane fi lter. Store in a screw-capped bottle. 
Stable for 1 week at room temperature.   

   5.    Mobile phase B (70 % acetonitrile/2 mM ammonium formate 
buffer): Add 350 mL of LC/MS grade acetonitrile, and 50 mL 
of 20 mM ammonium formate to 100 mL of deionized water. 
Mix the solution well and fi lter under vacuum through a 0.2 
μm nylon membrane fi lter. Store in a screw-capped bottle. 
Stable for 1 week at room temperature.   

   6.    Strong wash solution (90 % acetonitrile/methanol 1:1): 
Combine 450 mL of LC/MS-grade acetonitrile, 450 mL of 
LC/MS-grade methanol, and 100 mL of deionized water. Mix 
the solution well and fi lter under vacuum through a 0.2 μm 
nylon membrane fi lter. Stable for 6 months at room 
temperature.   

   7.    Weak wash solution (10 % acetonitrile/methanol 1:1): 
Combine 50 mL of LC/MS-grade acetonitrile, 50 mL LC/
MS- grade methanol, and 900 mL of deionized water. Mix the 
solution well and fi lter under vacuum through a 0.2 μm nylon 
membrane fi lter. Stable for 6 months at room temperature.   

   8.    Column rinse solution (80 % acetonitrile): Combine 800 mL of 
LC/MS-grade acetonitrile with 200 mL deionized water. Mix 
the solution well and fi lter under vacuum through a 0.2 μm nylon 
membrane fi lter. Stable for 6 months at room temperature.      

       1.    Working calibrators: Lyophilized human serum calibrators con-
taining voriconazole and posaconazole are obtained from a 
commercial source (UTAK Laboratories, Inc., Valencia, CA) at 
the following concentrations: 0.025, 0.1, 1.0, and 20.0 μg/mL.   

   2.    The working calibrators should be reconstituted according to 
the manufacturer’s instructions prior to use.   

   3.    Lyophilized product is stable for 2 years at 2–8 °C. Reconstituted 
material is stable for 25 days at 2–8 °C.      

        1.    Quality controls: Lyophilized human serum quality control 
samples containing voriconazole and posaconazole are 
obtained from a commercial source (UTAK Laboratories, Inc., 

2.3  Standards 
and Calibrators

2.4  Quality Controls 
and Internal Standard
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Valencia, CA) at the following nominal concentrations: level 1 
at 0.5 μg/mL; level 2 at 5.0 μg/mL.   

   2.    The quality control samples should be reconstituted according 
to the manufacturer’s instructions prior to use.   

   3.    Lyophilized product is stable for 2 years at 2–8 °C. Reconstituted 
material is stable for 25 days at 2–8 °C.   

   4.    Stock internal standard: 1 mg/mL Voriconazole-d3 (Toronto 
Research Chemicals, Toronto, Canada). Prepare by adding 1 
mL of 75 % methanol to 1 mg of solid voriconazole-d3.   

   5.    Internal standard primary solutions: Add 50 μL of stock inter-
nal standard to a 50 mL volumetric fl ask and bring the volume 
to the mark with the 75 % methanol solution. This will yield a 
1 μg/mL solution. Label this solution “working solution A.” 
Add 0.5 mL of “working solution A” to a 5 mL volumetric 
fl ask and bring the volume to the mark with the 75 % methanol 
solution. This will yield a 100 ng/mL solution. Label this 
solution “working solution B.”   

   6.    Internal standard working solution: Add 1.5 mL of “working 
solution B” to a 5 mL volumetric fl ask and bring the volume 
to the mark with the 75 % methanol solution. This will yield a 
30 ng/mL working internal standard. Stable for 1 year when 
stored at 2–8 °C.      

       1.    Glass bottles with screw caps (1 L, 500 mL, and 250 mL 
capacities) ( see   Note 1 ).   

   2.    Vacuum fi ltering apparatus fi tted with 0.2 μm nylon membrane.   
   3.    A liquid chromatograph-electrospray ionization tandem-mass 

spectrometer with autosampler operated in the multiple reac-
tion monitoring mode (Waters Acquity UPLC with a Xevo 
TQ-MS mass spectrometer, using MassLynx software, Waters 
Corporation, Milford, MA).   

   4.    Analytical column: Waters Cortecs C18 RP UPLC column 
(2.1 mm I.D. × 50 mm, 1.6 μm).   

   5.    Waters Guard Column (2.1 mm × 0.2 μm) and frits.   
   6.    Waters Certifi ed UPLC autosampler vials (12 mm × 32 mm) 

(high recovery).       

3    Methods 

       1.    Add 100 μL of specimen (calibrator, quality control, unknown 
(plasma or serum), or blank matrix) to a labeled 1.5 mL micro-
centrifuge tube.   

   2.    Add 20 μL internal standard working solution (voriconazole-
 d3, 30 ng/mL) to each tube.   

2.5  Supplies 
and Equipment

3.1  Stepwise 
Procedure
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   3.    Cap tubes and vortex mix at maximum speed for 5 s.   
   4.    Add 300 μL of protein precipitation solution to each tube.   
   5.    Cap tubes and vortex mix at maximum speed for 15 s.   
   6.    Centrifuge tubes for 5 min at 16,000 ×  g .   
   7.    Transfer 100 μL of the supernatant to labeled 1.5 mL micro-

centrifuge tubes fi tted with the 0.2 μm cellulose acetate fi lters.   
   8.    Centrifuge tubes for 3 min at 16,000 ×  g .   
   9.    Transfer fi ltrate to labeled autosampler vials and place the vials 

in the autosampler.   
   10.    Inject 5 μL of sample onto HPLC-ESI-MS/MS. Sample ion 

chromatograms are shown in Fig.  1 .

              1.    Instrument operating parameters are given in Table  1a, b .
       2.    Data are analyzed using TargetLynx application of the 

MassLynx software (Waters Inc.).   
   3.    The quantifying ions (Table  2 ) are used to construct standard 

curves of the peak area ratios (calibrator/internal standard 
pair) ( y ) versus analyte concentration ( x ). These curves are 
then used to determine the concentrations of the quality con-
trol and unknown (patient) specimens.

       4.    Representative LC-ESI-MS/MS chromatograms of voricon-
azole, posaconazole, and voriconazole-d3 are shown in Fig.  1a, b .   

   5.    Acceptability of each run is dependent on proper system suit-
ability parameters ( see   Notes 2  and  3 ), calibration curve, and 
quality control specimen performance. A typical calibration 
curve has a coeffi cient of determination ( R  2 ) of >0.99.   

   6.    Quality control specimens should fall within the acceptable 
parameters established by each lab (e.g., using Westgard 
Rules). Target values for the commercial controls described in 
Subheading  2.4  are established in-house after a minimum of 
20 runs.   

   7.    The quantifying ion in the sample is considered acceptable if 
the ratios of qualifi er ions to quantifying ion are within 20 % of 
the ion ratios for the calibrators.   

   8.    Liquid chromatography retention time window limits are set at 
±0.25 min. Typical retention times are 0.55, 0.59, and 
0.98 min for voriconazole, voriconazole d-3, and posacon-
azole, respectively ( see   Note 4 ).   

   9.    The performance characteristics of the assay are presented in 
Table  3 .

       10.    Ion suppression effects were evaluated by the sample infusion 
method and found to be non-signifi cant. However, each lab 
should evaluate ion suppression independently.       

3.2  Data Analysis

Quantifi cation of the Triazole Antifungal Compounds Voriconazole and Posaconazole…
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  Fig. 1    ( a ) HPLC-ESI-MS/MS ion chromatograms of voriconazole and voriconazole-d3. Only the primary ions are 
shown. ( b ) HPLC-ESI-MS/MS ion chromatograms of posaconazole and voriconazole-d3. Only the primary ions 
are shown       
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   Table 1  
  HPLC-ESI-MS/MS operating conditions a    

 A.  Liquid chromatography   gradient conditions 

  Time  ( min )   Flow rate  ( mL/
min ) 

  Mobile phase A  ( % )   Mobile phase 
B  ( % ) 

 0  0.35  60   40 

 1.5  0.35   0  100 

 1.75  0.35   0  100 

 2.05  0.35  60   40 

 2.5  0.35  60   40 

 B. MS/MS tune settings 

 Capillary (kV)  2.9 

 Cone (V)  29 

 Source temperature (°C)  150 

 Desolvation temperature (°C)  350 

 Cone gas fl ow (L/h)  1.0 

 Desolvation gas fl ow (L/h)  650 

 Resolution MS1 and MS2  MS1 = 1.0 MS2 = 0.75 

   a Conditions optimized for instrumentation described in  Subheading  2.5. MS/MS tune 
settings may vary between instruments  

   Table 2  
  Precursor and primary and secondary product ions for  voriconazole  , 
posaconazole, and voriconazole-d3   

 Precursor 
ion (M + H) +1  

 Product ions 
(primary, 
secondary)  Cone (V)  Collision (eV) 

 Voriconazole  350.08  126.97, 281.10  24  32, 16 

 Voriconazole-d3  353.08  127.03, 284.10  24  40, 16 

 Posaconazole  701.39  127.05, 614.34  58  76, 36 

Quantifi cation of the Triazole Antifungal Compounds Voriconazole and Posaconazole…
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4    Notes 

     1.    Stock reagent solutions: All reagent glassware (bottles, fl asks, 
cylinders, or containers) should be properly labeled with the 
name of reagent, the date prepared, the date of expiration, and 
the initials of the analyst who prepared the reagent. Do not use 
glassware that has been exposed to detergents for this assay. 
Detergents can contaminate the mass spectrometer. Be careful to 
only use glassware that has been properly rinsed with methanol 
or acetonitrile (LC/MS grade) and allowed to dry before usage.   

   2.    A tuning solution (used to tune the instrument prior to an 
analytical run) consists of a mixture of voriconazole, voricon-
azole d-3, and posaconazole, each diluted to 1 μg/mL in 75 % 
methanol (25 mL fi nal volume).   

   3.    A system suitability specimen (check standard) is tested with 
each run to verify instrument function (e.g., peak shape, reten-
tion time).   

   4.    Retention times are instrumentation specifi c and can vary from 
what is described here.         

   References 

   Table 3  
  Method performance specifi cations   

 Voriconazole  Posaconazole 

 Analytical measurement 
range 

 0.025–20.0 μg/mL  0.025–20.0 μg/mL 

 Linearity   m  = 0.988,  b  = 0.0674,  r  2  = 0.9997   m  = 1.01,  b  = −0.0054,  r  2  = 0.9996 

  a Intra-assay precision (CV%)  L1 = 8.7 %, L2 = 3.4 %, L3 = 4.9 %  L1 = 9.2 %, L2 = 3.2 %, L3 = 5.3 % 

  a Inter-assay precision (CV%)  L1 = 9.8 %, L2 = 5.7 %, L3 = 7.1 %  L1 = 13.0 %, L2 = 5.2 %, L3 = 6.7 % 

  b LoD, LoQ (μg/mL)  LoD = 0.005, LoQ = 0.025  LoD = 0.005, LoQ = 0.025 

 Recovery  97.60 %  95.10 % 

   a L1 = level 1 (0.075 μg/mL); L2 = level 2 (5.00 μg/mL); L3 = level 3 (10.00 μg/mL) 
  b LoD = limit of detection (CLSI EP17-A2); LoQ = limit of quantitation chosen as lowest calibrator value (CV < 20 %)  
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    Chapter 6   

 Quantitation of Haloperidol, Fluphenazine, Perphenazine, 
and Thiothixene in Serum or Plasma Using Liquid 
Chromatography-Tandem Mass Spectrometry (LC-MS/MS)       

     Matthew     H.     Slawson       and     Kamisha     L.     Johnson-Davis      

  Abstract 

   Haloperidol, fl uphenazine, perphenazine, and thiothixene are “typical” antipsychotic drugs that are used 
in the treatment of schizophrenia and other psychiatric disorders. The monitoring of the use of these drugs 
has applications in therapeutic drug monitoring and overdose situations. LC-MS/MS is used to analyze 
plasma/serum extracts with deuterated analog of imipramine as the internal standard to ensure accurate 
quantitation and control for any potential matrix effects. Positive ion electrospray is used to introduce the 
analytes into the mass spectrometer. Selected reaction monitoring of two product ions for each analyte 
allows for the calculation of ion ratios which ensures correct identifi cation of each analyte, while a matrix- 
matched calibration curve is used for quantitation.  

  Key words     Haloperidol  ,   Fluphenazine  ,   Perphenazine  ,   Thiothixene  ,   Plasma  ,   Serum  ,   UPLC  ,   Mass 
spectrometry  

1      Introduction 

      Fluphenazine (e.g. Prolixin)     and       perphenazine   (e.g. Etrafon) are 
phenothiazine  neuroleptics   used in the management of psychotic 
disorders, such as schizophrenia, mania, anxiety/agitation, and 
depression. Haloperidol (e.g. Haldol) is a butyrophenone typical 
antipsychotic drug indicated for use in the treatment of schizo-
phrenia and the control of tics and vocal utterances of Tourette’s 
disorder in children and adults. Thiothixene (e.g. Navane) is a 
thioxanthene neuroleptic with general properties similar to those 
of the phenothiazines. Therapeutic monitoring of concentrations 
of these drugs is useful in optimizing therapy, evaluate compliance, 
and to monitor for adverse drug reaction [ 1 ,  2 ]. 

 This chapter describes an analytical method to measure the 
above-mentioned four typical antipsychotic drugs in human 
serum/plasma by precipitating serum/plasma proteins and 
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 collecting the supernatant for analysis. The supernatant is injected 
onto the LC‐MS/MS. Qualitative identifi cation is made using 
unique MS/MS transitions, ion ratios of those transitions, and 
chromatographic retention time. Quantitation is performed using 
a daily calibration curve of prepared calibration samples and using 
peak area ratios of analyte to internal standard to establish the cali-
bration model. Patient sample concentrations are calculated based 
on the calibration model’s mathematical equation. Quantitative 
accuracy is monitored with QC samples independently prepared 
with known concentrations of analyte and comparing the calcu-
lated concentration with the expected concentration [ 3 ,  4 ].  

2    Materials 

       1.    Pre-dose (trough) draw—at steady-state concentration for 
serum/plasma. Separate serum or plasma from cells within 2 h 
of collection.   

   2.    Collect in plain red tube. Avoid gel or other separator tubes.   
   3.    Specimens can be stored for at least 24 h ambient, 5 days 

refrigerated, 30 days frozen prior to analysis.      

       1.    Clinical Laboratory Reagent Water (CLRW).   
   2.    Verifi ed negative serum/plasma pool.   
   3.    Mobile Phase A (CLRW with 0.1 % Formic Acid): 1.0 mL of 

concentrated Formic Acid in CLRW q.s. to 1.0 L in volumetric 
fl ask.   

   4.    Mobile Phase B (Acetonitrile with 0.1 % Formic Acid): 1.0 mL 
of concentrated Formic Acid in LC-MS grade Acetonitrile q.s. 
to 1.0 L in volumetric fl ask.      

       1.    Haloperidol, 1.0 mg/mL stock standard prepared in Methanol 
(Cerilliant, Round Rock, TX).   

   2.    Perphenazine 1.0 mg/mL stock standard prepared in Methanol 
(Cerilliant, Round Rock, TX).   

   3.    Fluphenazine 1.0 mg/mL stock standard prepared in Methanol 
(Cerilliant, Round Rock, TX).   

   4.    Thiothixene 1.0 mg/mL stock standard prepared in Methanol 
(Cerilliant, Round Rock, TX).   

   5.    Prepare an intermediate solution containing fl uphenazine and 
perphenazine at 1000 ng/mL and haloperidol and thiothixene 
at 5000 ng/mL in methanol. Add ~3 mL of methanol to a 
10 mL volumetric fl ask. Add 10 μL each of fl uphenazine and 
perphenazine reference materials and 50 μL each of haloperi-
dol and thiothixene reference material to the fl ask, q.s. to 

2.1  Samples

2.2  Reagents

2.3  Standards 
and Calibrators

Matthew H. Slawson and Kamisha L. Johnson-Davis
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10 mL with methanol, add a stir bar and stopper and mix for 
30 min at room temperature. Aliquot as appropriate for subse-
quent use. Store frozen, stable for 1 year. This volume can be 
scaled up or down as appropriate.   

   6.    Prepare working calibrators to prepare 25 mL of each using 
volumetric glassware. Add approximately 10 mL certifi ed 
negative plasma/serum to a labeled volumetric fl ask. Add the 
appropriate volume as shown in Table  1  of intermediate solu-
tion described in  item 5  above to the fl ask; q.s. to 25 mL 
using certifi ed negative serum/plasma. Add a stir bar and 
stopper and mix for at least 30 min at room temperature. 
Aliquot as appropriate for future use. Store aliquots frozen, 
stable for 1 year. This volume can be scaled up or down as 
appropriate ( see   Note 1 ).

              1.    Controls: May be purchased from a third party and prepared 
according to the manufacturer. They can also prepared in-
house independently from calibrators’ source material using 
Table  1  as a guideline ( see   Note 1 ).   

   2.    Internal Standard (protein precipitation solution): 
Imipramine- D 3  100 mcg/mL in methanol (Cerilliant, Round 
Rock, TX). Add 250 mL of methanol to a 500 mL volumetric 
fl ask. Add 60 μL of reference material to the fl ask, QS to 
500 mL with acetonitrile. Add a stir bar and a stopper. Mix for 
at least 30 min at room temperature. Aliquot as needed for use 
in this assay (volumes can be scaled up or down as appropri-
ate). Store frozen, stable for 1 year ( see   Notes 1  and  2 ).      

       1.    Instrument-compatible autosampler vials with injector appro-
priate caps.   

   2.    Acquity HSS T3 1.8 μm, 2.1 × 50 mm UPLC column (Waters, 
Milford, MA).   

2.4  Controls 
and Internal Standard

2.5  Supplies 
and Equipment

    Table 1  
  Preparation of calibrators. The total volume is made to 25 mL with 
drug-free human serum/plasma   

 Calibrator  Volume of intermediate solution (µL)  Final [], ng/mL 

 1    5  0.2/1 a  

 2   50  2/10 a  

 3  100  4/20 a  

 4  300  12/60 a  

   a Fluphenazine and perphenazine/haloperidol and thiothixene  

Quantitation of Haloperidol, Fluphenazine, Perphenazine, and Thiothixene in Serum…
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   3.    Multi-tube Vortex mixer (e.g., VWR VX-2500).   
   4.    Foam rack(s) compatible with both microcentrifuge tubes and 

multi-tube vortex mixer.   
   5.    Centrifuge capable of 18,000 ×  g  that will accommodate micro-

centrifuge tubes.   
   6.    Waters Acquity TQD UPLC-MS/MS system (Milford, MA).       

3    Methods 

       1.    Briefl y vortex or invert each sample to mix.   
   2.    Aliquot 100 μL of each patient sample, calibrator and QC into 

appropriately labeled microcentrifuge tubes.   
   3.    Add 300 μL of Internal Standard/precipitation solution to 

each vial.   
   4.    Cap each tube and vortex vigorously for 30 s.   
   5.    Centrifuge for ~10 min at ~18,000 ×  g  ( see   Note 3 ).   
   6.    Transfer the contents of each tube (from  steps 2  to  5 ) to an 

autosampler vial and cap.   
   7.    Analyze on LC-MS/MS.      

       1.    Table  2  summarizes typical LC conditions.
       2.    Table  3  summarizes typical MS conditions.
       3.    Table  4  summarizes typical MRM conditions.

       Each instrument should be individually optimized for best 
method performance.  

       1.    Representative MRM chromatograms of each antipsychotic 
and internal standard in plasma are shown in Fig.  1a–e .

       2.    The dynamic range for this assay is 0.2–12 ng/mL for fl uphen-
azine and perphenazine and 1–60 ng/mL for haloperidol and 
thiothixene. Samples exceeding this range can be diluted 5× or 
10× as needed to achieve an accurate calculated concentration, 
if needed.   

   3.    Data analysis is performed using the QuanLynx or 
TargetLynx software to integrate peaks, calculate peak area 
ratios, and construct calibration curves using a linear 1/ x  
weighted fit  ignoring the origin as a data point. Sample 
concentrations are then calculated using the derived cali-
bration curves ( see   Note 1 ).   

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

3.3  Data Analysis

Matthew H. Slawson and Kamisha L. Johnson-Davis
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   Table 2  
  Typical HPLC conditions   

 Weak wash  Mobile Phase A 

 Strong wash  Mobile Phase B 

 Seal wash  Mobile Phase A 

 Injection volume  8 μL 

 Vacuum degassing  On 

 Temperature  30 °C 

 A Reservoir  0.1 % HCOOH in CLRW 

 B Reservoir  0.1 % HCOOH in Acetonitrile 

 Gradient table 

 Step  Time (min)  Flow (μL/min)  A (%)  B (%)  Curve a  

 0  0  650  70  30   1 

 1  1  650  55  45   6 

 2  1.33  650  10  90   6 

 3  1.55  650  70  30  11 

   a Nonlinear gradient curves common to Waters systems  

   Table 3  
  Typical mass spectrometer conditions   

 Parameter  Value 

 Capillary (kV)  0.6 

 Cone (V)  42 

 Extractor (V)  3 

 RF (V)  0.3 

 Desolvation temp  450 

 Desolvation gas  900 

 Cone gas  30 

 Collision gas  0.25 

 Scan mode  MSMS 

 Polarity  Positive 

 Ion source  ESI 

 Resolution Q1  Unit 

 Resolution Q3  Unit 

 Dwell (s)  0.045 

Quantitation of Haloperidol, Fluphenazine, Perphenazine, and Thiothixene in Serum…
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   4.    Calibration curves should have an  r  2  value ≥0.99.   
   5.    Typical imprecision is <15 % both inter- and intra-assay.   
   6.    An analytical batch is considered acceptable if chromatography 

is acceptable and QC samples calculate to within 20 % if their 
target values and ion ratios are within 20 % of the calibration 
curve ion ratios.       

4    Notes 

     1.    Validate/verify all calibrators, QCs, internal standard, and neg-
ative matrix pools before placing into use.   

   2.    Imipramine-d 3  shows good recovery and a retention time 
intermediate to the other analytes making it a good compro-
mise internal standard for all four antipsychotics. Ion suppres-
sion studies (data not shown) indicate that this I.S. offers good 
control of matrix effects under the conditions described. 
Deuterated analogs of each drug may be utilized if desired.   

   3.    Time and speed of centrifugation step can be optimized to 
ensure a fi rm pellet is formed so as not to transfer any precipi-
tate to autosampler vial     .         

   Table 4  
  Typical MRM conditions   

 Analyte  Precursor  Product (quant.)  Product (qual.) 

 Haloperidol  376.2  165.1  122.9 
 Collision energy  22  42 

 Fluphenazine  438.3  171.1  143.1 
 Collision energy  26  32 

 Perphenazine  404.2  143.1  171.11 
 Collision energy  28  24 

 Thiothixene  444.3  139.2  97.9 
 Collision energy  34  34 

 Imipramine-d 3  (internal standard)  284.2  89.1  193.1 
 Collision energy  16  42 

Matthew H. Slawson and Kamisha L. Johnson-Davis
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  Fig. 1    Typical MRM chromatograms for ( a ) haloperidol (0.74 min), ( b ) thiothixene (0.82 min), ( c ) perphenazine 
(0.84 min), ( d ) imipramine-d3 (0.88 min), ( e ) fl uphenazine (1.01 min) in plasma. 0.2/1 ng/mL (see text) 
extracted from fortifi ed human plasma and analyzed according to the described method           
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    Chapter 7   

 Quantitation of Total Buprenorphine 
and Norbuprenorphine in Meconium by LC-MS/MS       

     Stephanie     J.     Marin       and     Gwendolyn     A.     McMillin      

  Abstract 

   Buprenorphine (Suboxone, Zubsolv, Buprenex, Butrans, etc.) is an opioid drug that has been used to treat 
opioid dependence on an outpatient basis, and is also prescribed for managing moderate to severe pain. 
Pregnant women may be prescribed buprenorphine as part of a treatment plan for opioid addiction. This 
chapter quantitates buprenorphine and norbuprenorphine in meconium by liquid chromatography tan-
dem mass spectrometry (LC-MS/MS).  

  Key words     Buprenorphine  ,   LC-MS/MS  ,   Meconium  ,   Neonate  ,   Neonatal abstinence syndrome  , 
  NAS  ,   Pregnancy  

1      Introduction 

  Buprenorphine   was approved  for   treatment of  opioid   addiction in 
2002. Studies have shown it to be a safe and effective treatment for 
pregnant women [ 1 ]. Babies born to mothers prescribed buprenor-
phine instead of methadone required less treatment for  Neonatal 
Abstinence Syndrome (NAS)  . Kacinko et al. demonstrated a cor-
relation between meconium buprenorphine concentrations and 
neonatal outcomes [ 2 ]. Buprenorphine concentrations in meco-
nium could be used to guide newborn treatment and verify the 
mother’s compliance with prescribed therapy. The major metabo-
lite of buprenorphine is norbuprenorphine. Both compounds are 
pharmacologically active and both are extensively metabolized to 
their glucuronide conjugates, which are also active metabolites. 
This chapter quantitates total buprenorphine and norbuprenor-
phine in meconium by  liquid chromatography   tandem mass spec-
trometry (LC-MS/MS). Specimens undergo pre- analytical enzyme 
hydrolysis to convert the glucuronides to free drug. Sample clean-
up using solid phase extraction (SPE) is conducted prior to analysis 
by LC-MS/MS.  
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2    Materials 

   Meconium (blackish material), the fi rst stool of the newborn, typi-
cally passed during the fi rst 48 h after birth.  

       1.    Drug-free meconium: residual meconium specimens that did 
not contain buprenorphine analytes pooled and stored refrig-
erated (2–8 °C).   

   2.    0.1 M sodium acetate buffer, pH 5: Stable at room or refriger-
ated (2–8 °C) for at least 7 days.   

   3.    Beta-glucuronidase enzyme with purity determined and a cer-
tifi cate of analysis (typically 100,000 units/mL, Campbell 
Science, Rockford, IL). This is used to prepare the beta-gluc-
uronidase solution. Stable refrigerated until expiration date on 
bottle.   

   4.    Beta-glucuronidase enzyme solution, 5000 units/mL, pre-
pared in pH 5 sodium acetate buffer. Stable at refrigerated 
(2–8 °C) for 3 months.   

   5.    Ammonium hydroxide: 28–30 % NH 3 .   
   6.    Elution solvent:ethyl acetate:2-propanol:ammonium hydrox-

ide (75:20:5). The elution solvent must be freshly prepared 
just prior to its use in each batch run.   

   7.    Ultrapure water with a resistance of 18 MΩ or greater (e.g. 
Nanopure).   

   8.    Acetonitrile: HPLC grade.   
   9.    Mobile phase A (0.1 % formic acid in water): Add 2 mL of 98 

% formic acid to 2 L of ultrapure water. Stable for 10 days at 
room temperature.   

   10.    Mobile phase B (0.1 % formic acid in acetonitrile): Add 2 mL 
of 98 % formic acid to 2 L of acetonitrile. Stable for 10 days at 
room temperature.   

   11.    Autosampler wash 1 (Mobile Phase A: Acetonitrile, 95:5): Add 
100 mL of acetonitrile to 1900 mL of Mobile Phase A. Stable 
for 14 days at room temperature ( see   Note 1 ).   

   12.    Autosampler wash 2 (2-propanol:acetonitrile:methanol, 
60:20:20): Prepare by mixing 1200 mL 2-propanol, 400 mL 
acetonitrile, and 400 mL of methanol in a 2 L bottle. Stable for 
14 days at room temperature ( see   Note 1 ).      

       1.    Buprenorphine: 1.0 mg/mL in methanol (Cerilliant, Round 
Rock, TX).   

   2.    Norbuprenorphine: 1.0 mg/mL in methanol (Cerilliant, 
Round Rock, TX).   

   3.    Buprenorphine and Norbuprenorphine Calibrator Spike solu-
tion (0.625 ng/μL in methanol): prepared by adding 62.5 μL 

2.1  Samples

2.2  Reagents

2.3  Standards 
and Calibrators
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of 1.0 mg/mL buprenorphine and 62.5 μL of 1.0 mg/mL 
norbuprenorphine to 100 mL of methanol in a Class A volu-
metric fl ask ( see   Note 2  and Table  1 ).

              1.    Buprenorphine glucuronide: 0.1 mg/mL in methanol 
(Cerilliant, Round Rock, TX).   

   2.    Norbuprenorphine glucuronide: 0.1 mg/mL in methanol 
(Cerilliant, Round Rock, TX).   

   3.    Buprenorphine and Norbuprenorphine Glucuronide Control 
Spike Solution (0.710 ng/μL in methanol): prepared by add-
ing 710 μL of 0.1 mg/mL buprenorphine glucuronide and 
710 μL of norbuprenorphine glucuronide to 100 mL of meth-
anol in a Class A volumetric fl ask ( see   Note 3  and Table  2 ).

       4.    Buprenorphine-D 4 : 1.0 mg/mL in methanol (Cerilliant, 
Round Rock, TX).   

   5.    Norbuprenorphine-D 3 : 1.0 mg/mL in methanol (Cerilliant, 
Round Rock, TX).   

   6.    Internal Standard Spike Solution (5 ng/μL in methanol). 
Prepared by adding 500 μL of buprenorphine-D 4  and 500 μL 
of norbuprenorphine-D 3  to 100 mL of methanol in a Class A 
volumetric fl ask.      

       1.    5 mL polypropylene conical centrifuge tube with snap cap.   
   2.    Applicator, Plain Wood, 6″.   
   3.    Strata XL-C SPE column, 60 mg/3 mL (Phenomenex, 

Torrance, CA) ( see   Note 4 ).   
   4.    Vial, Clear, Silanized, Snap-It, 12 × 32 mm, 1.5 mL.   

2.4  Quality Control 
and Internal Standard

2.5  Supplies

   Table 1 
  Concentration of calibrators (Cal 1–4)   

 Analyte  Final conc. (ng/g) 

 Buprenorphine  Cal 1 = 20 
 Cal 2 = 250 
 Cal 3 = 750 
 Cal 4 = 1000 

 Norbuprenorphine 

   Table 2 
  Concentration of controls   

 Analyte  Final conc. (ng/g) 

 Buprenorphine a   Low = 40 
 High = 800  Norbuprenorphine a  

   a Prepared as glucuronide, calculated as free drug and metabolite  
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   5.    Cap, Snap w/preslit, Blue, PTFE/White Silicone.   
   6.    Agilent Poroshell 120 EC-C 18 , 2.7 μm, 50 × 3 mm (Agilent 

Technologies, Santa Clara, CA).   
   7.    Stainless steel beads for Bullet Blender™, 0.9–2.0 mm blend 

stainless steel beads, #SSB14B (Next Advance, Inc., Averill 
Park, NY).   

   8.    Standard glassware, pipette tips, and other supplies.      

       1.    Bullet Blender™ (Next Advance, Inc., Averill, NY).   
   2.    48-place positive pressure manifold (SPEWare, Baldwin Park, 

CA or Biotage Charlotte, NC) ( see   Note 5 ).   
   3.    48-place sample concentrator: Cerex (SPEWare, Baldwin Park, 

CA) or Turbovap (Biotage, Charlotte, NC).   
   4.    Heat block.   
   5.    AB SCIEX Triple Quad™ 5500 mass spectrometer interfaced 

with CTC PAL HTC- xt -DLW autosampler and Agilent 1260 
Infi nity series binary pump, degasser, and column oven, oper-
ated in positive electrospray ionization mode. Instrument 
control is performed using AB SCIEX Analyst ®  software 
( see   Note 6 ).
   (a)    LC Conditions:

 ●    Flow rate: 0.50 mL/min.  
 ●   Column Temp: 35 °C.  
 ●   LC Gradient ( see  Table  3 ).

         (b)    Autosampler settings ( see  Table  4 ).
      (c)    Ion source settings ( see  Table  5 ).
      (d)    MRM transitions and associated MS parameters ( see  

Table  6 ).

2.6  Equipment

   Table 3 
  LC gradient conditions   

 Time  %B 

 0.00  25 

 2.00  25 

 3.50  95 

 4.00  95 

 4.10  25 

 5.00  25 
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3                Methods 

       1.    Accurately weigh 0.25 ± 0.05 g of drug free meconium to 
tubes 1–7 using a plain wood applicator.   

   2.    To each test specimen tube, accurately weigh 0.25 ± 0.05 g of 
meconium specimen using a new, clean plain wood applicator 

3.1  Procedure

   Table 4 
  Autosampler parameters   

 Parameter  Value 

 Cycle  Analyst LC injDLW Standard_Rev05 

 Syringe  100 μL DLW 

 Loop 1 volume (mL)  5 

 Loop 2 volume (μL)  100 

 Actual syringe (μL)  100 

 Injection volume (μL)  5 

 Airgap volume (μL)  3 

 Front volume (μL)  3 

 Rear volume (μL)  3 

 Filling speed (μL/s)  5 

 Pump delay 3 ms  3 

 Inject to: LCvlv1  LCvlv1 

 Injection speed (μL/s)  5 

 Pre inject delay (ms)  500 

 Post inject delay (ms)  500 

 Needle gap (μm)  3 

 Valve clean time solvent 2 (s)  6 

 Post clean time solvent 2 (s)  6 

 Valve clean time solvent 1 (s)  6 

 Post clean time solvent 1 (s)  6 

 Stator wash  1 

 Delay stator wash (s)  120 

 Stator wash time (s)  5 

 Stator wash time solvent 2 (s)  5 

 Stator wash time solvent 1 (s)  5 
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for each specimen. Keep the walls of the tubes as clean as 
 possible and the meconium as close to the bottom as possible. 
To conserve specimen, a twofold dilution may be performed 
( see   Note 7 ).   

   3.    Spike the calibrators:
   (a)    Add 8 μL of the Buprenorphine and Norbuprenorphine 

Calibrator Spike Solution to tube (calibrator) 1.   
  (b)    Add 100 μL of the Buprenorphine and Norbuprenorphine 

Calibrator Spike Solution to tube (calibrator) 2.   

   Table 5 
  MS source parameters   

 Parameter  Value 

 CAD (Collision gas, psi)  8 

 CUR (Curtain gas, psi)  30 

 GS1 (Nebulizer gas, psi)  30 

 GS2 (Heater gas, psi)  50 

 TEM (Temperature, °C)  600 

 IS (IonSpray voltage, V)  4000 

 Entrance potential (mV)  10 

 Dwell time (ms)  10 

 Declustering potential (V)  50 

 Resolution  unit 

   Table 6 
  MRM transitions and MS parameters   

 Compound  Q1  Q3 
 Collision 
energy (V) 

 Exit 
potential (V) 

 Buprenorphine D4 1  472.3  415.1  47  20 

 Buprenorphine D4 2  472.3  400.0  52  20 

 Norbuprenorphine D3 1  417.3  343.2  40  15 

 Norbuprenorphine D3 2  417.3  187.0  50  10 

 Buprenorphine 1  468.2  414.4  47  18 

 Buprenorphine 2  468.2  396.1  53  18 

 Norbuprenorphine 1  414.2  187.1  49   9 

 Norbuprenorphine 2  414.2  211.2  49  10 
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  (c)    Add 300 μL of the Buprenorphine and Norbuprenorphine 
Calibrator Spike solution to tube (calibrator) 3.   

  (d)    Add 400 μL of the Buprenorphine and Norbuprenorphine 
Calibrator Spike solution to tube (calibrator) 4.       

   4.    Spike the controls.
   (a)    Add 20 μL of the Buprenorphine and Norbuprenorphine 

Glucuronide Control Spike Solution to tube 5 (low posi-
tive control).   

  (b)    Add 400 μL of the Buprenorphine and Norbuprenorphine 
Glucuronide Control Spike Solution to tube 6 (high posi-
tive control).   

  (c)    Tube 7 is a negative control that contains only drug-free 
meconium.       

   5.    Using a repeating pipette, add 10 μL of the Internal Standard 
Spike Solution to each tube.   

   6.    Add 1.0 mL of beta-glucuronidase enzyme solution to each 
tube.   

   7.    Add 1/8 teaspoon (0.6 mL) of 0.9–2.0 mm stainless steel 
beads to each tube.   

   8.    Cap the tubes securely and place in the Bullet Blender™ at set-
ting 6 for approximately 2 min.   

   9.    Verify that all specimens have a uniform appearance and no 
large meconium pieces are apparent; a smooth semi-liquid 
should be obtained.   

   10.    Hydrolyze the homogenized samples in the heat block at 
70 °C for 1 h.   

   11.    Cool briefl y and add 1.5 mL pH 5 sodium acetate buffer.   
   12.    Centrifuge each sample for 15 min at 0 °C and 23,447 ×  g . 

The low temperature congeals most of the soluble lipids and 
the high speed centrifugation is necessary to obtain the clear-
est supernatant possible.   

   13.    Condition the Strata XL-C SPE columns with 1 mL of metha-
nol. Elute by gravity.   

   14.    Equilibrate the Strata XL-C SPE columns with 1 mL 0.1 M 
pH 5 sodium acetate buffer. Elute by gravity.   

   15.    Load samples in proper order onto the columns. Adjust the 
pressure to one drop per 4 s.   

   16.    Wash columns at one drop per second with 1 mL of 0.1 M 
pH 5 sodium acetate buffer.   

   17.    Wash columns at one drop per second with 1 mL of 
methanol.   

   18.    Dry the columns for 4 min at 25 psi.   
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   19.    Elute BY GRAVITY with 2 × 0.60 mL of freshly prepared elu-
tion solvent (75:20:5 ethyl acetate:2-propanol:ammonium 
hydroxide) into corresponding pre-labeled 1.5 mL vials.   

   20.    Place the autosampler vials in the Turbovap at 40 °C and 3–5 
psi for approximately 20 min, OR place in the SPEWare 
48-place sample concentrator for 25 min at 40 °C and 25 psi. 
Evaporate to dryness.   

   21.    Reconstitue the dried extracts in 100 µL of 90:10 
water:acetonitrile. Cap and briefl y vortex.   

   22.    Perform instrumental analysis.      

   Data analysis and quantitation is performed using AB SCIEX 
MultiQuant™ software. LOD, LLOQ, and ULOQ for all analytes 
are listed in Table  7  ( see   Note 8 ).

     Typical extracted ion chromatograms for a calibrator and a 
patient sample are shown in Figs.  1  and  2 .

3.2  Data Analysis

   Table 7 
  Reportable range of results in ng/g   

 Analyte  LOD  LLOQ  ULOQ 

 Buprenorphine  10  20  1000 

 Norbuprenorphine  10  20  1000 

  Fig. 1    Extracted ion chromatograms for internal standards and analytes in Calibrator 2 (250 ng/g) all analytes, 
200 ng/g for each internal standard       
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4       Notes 

     1.    Several autosampler wash solvents were evaluated. Analytical 
carryover of buprenorphine was observed with most wash 
 solvents. The stronger autosampler wash 2 is critical for 
 eliminating carryover. Potential for carryover is dependent on 
the autosampler and should be re-evaluated if a different 
autosampler is used.   

   2.    Calibrators are prepared by spiking an aliquot of drug-free meco-
nium with a calibrator spike solution prepared in methanol.   

   3.    Calibrators are prepared using buprenorphine and norbu-
prenorphine; controls are prepared from a spike solution pre-
pared with buprenorphine glucuronide and norbuprenorphine 
glucuronide. The positive controls therefore serve as a both 
analyte controls and hydrolysis controls. The controls are pre-
pared to produce free buprenorphine and norbuprenorphine 
at 40 ng/g (2× the cutoff) and 800 ng/g (80 % of ULOQ) 
after hydrolysis.   

   4.    The use of the Strata XL-C and not Strata X-C SPE columns 
is critical for assay performance. Column plugging was an issue 
when the Strata X-C columns were used. This was eliminated 
by using the Strata XL-C columns.   

  Fig. 2    Extracted ion chromatograms for internal standards and analytes in a positive patient specimen. 
Buprenorphine: 247 ng/g, norbuprenorphine: 740 ng/g       
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    1.    Jones HE (2010) Neonatal abstinence  syndrome 
after methadone or buprenorphine exposure. 
N Engl J Med 363(24):2320–2331  

    2.    Kacinko SL et al (2008) Correlations of 
Maternal Buprenorphine Dose, Buprenorphine, 

and Metabolite Concentrations in Meconium 
with Neonatal Outcomes. Clin Pharmacol Ther 
84(5):604–612    

   5.    This method was validated using positive pressure for SPE 
extraction. The use of vacuum manifolds was not evaluated.   

   6.    LC and MS parameters will vary from instrument to instru-
ment. The parameters shown here can be used as a starting 
point, but MS parameters for all compounds should be 
 optimized for the instrument used. If a different LC is used, 
chromatographic conditions may need to be modifi ed.   

   7.    A half-weight (2× dilution) can be made if there is a need to 
conserve specimen or there is insuffi cient specimen to perform 
the analysis. Accurately weigh 0.125 ± 0.05 g of meconium. 
Add the same amount of the Internal Standard Spike Solution. 
Adjust calculations and cutoff concentrations accordingly.   

   8.    Calibration curves were a linear fi t, weighted 1/x. The MQ4 
integrator was used for peak integration. Integration parame-
ters will need to be determined based on the quality of the raw 
data to provide the most consistent and accurate peak integra-
tion. Acceptance criteria determined during validation include: 
each calibrator was accurate to ±15 % of its target concentra-
tion and the correlation coeffi cient of the linear fi t was >0.995. 
Controls were ±20 of the target value. Ion mass ratios were 
within ±25 %.         
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    Chapter 8   

 Quantitation of Buprenorphine, Norbuprenorphine, 
Buprenorphine Glucuronide, Norbuprenorphine 
Glucuronide, and Naloxone in Urine by LC-MS/MS       

     Stephanie     J.     Marin       and     Gwendolyn     A.     McMillin      

  Abstract 

   Buprenorphine is an opioid drug that has been used to treat opioid dependence on an outpatient basis, and 
is also prescribed for managing moderate to severe pain. Some formulations of buprenorphine also contain 
naloxone to discourage misuse. The major metabolite of buprenorphine is norbuprenorphine. Both com-
pounds are pharmacologically active and both are extensively metabolized to their glucuronide conjugates, 
which are also active metabolites. Direct quantitation of the glucuronide conjugates in conjunction with 
free buprenorphine, norbuprenorphine, and naloxone in urine can distinguish compliance with prescribed 
therapy from specimen adulteration intended to mimic compliance with prescribed buprenorphine. 

 This chapter quantitates buprenorphine, norbuprenorphine, their glucuronide conjugates and nalox-
one directly in urine by liquid chromatography tandem mass spectrometry (LC-MS/MS). Urine is pre-
treated with formic acid and undergoes solid phase extraction (SPE) prior to analysis by LC-MS/MS.  

  Key words     Buprenorphine  ,   LC/MS/MS  ,   Urine  ,   Suboxone  ,   Zubsolv  

1      Introduction 

  Opioid   drugs  are   among the most powerful physically addicting 
drugs known. Physical dependence and tolerance can develop rap-
idly, and abuse is widespread. Several buprenorphine formulations 
(e.g. Subutex, Buprenex, Butrans) have been approved by the US 
Food and Drug Administration for use in treating  opioid   addiction 
and moderate-to- severe pain. Naloxone is an  opioid   antagonist 
added to some buprenorphine formulations ( Suboxone  ,  Zubsolv  ) 
to prevent misuse [ 1 ]. When oral formulations containing nalox-
one are taken correctly, the bioavailability of naloxone is minimal, 
such that naloxone will not interfere with the pharmacological 
activity of buprenorphine. When such formulations are misused, 
such as through administration by insuffl ation (snorting) or 
 injection, the naloxone bioavailability is high, and naloxone will 
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compete with buprenorphine for  opioid   activity, in some cases pre-
cipitating  opioid   withdrawal symptoms. Urine is a common speci-
men used to evaluate compliance with prescribed buprenorphine 
due to its ease of collection and likelihood of detection compared 
to blood. However, urine collections are not routinely observed in 
a medical setting and may be subject to adulteration by the donor 
to mimic compliance. The presence of free naloxone in a urine 
specimen may suggest adulteration of the specimen by adding 
drug directly into the urine [ 2 ,  3 ]. 

  Opioids   are commonly determined by methods that involve 
hydrolyzing the glucuronide metabolites to the free form and mea-
suring the total concentration of the free and glucuronide analytes 
combined. This practice increases the concentration of free drug 
and the likelihood of detection. However, in this method the gluc-
uronides of buprenorphine and norbuprenorphine are measured 
directly [ 2 ,  3 ]. The pattern of glucuronide metabolites may help 
defi ne the metabolic phenotype for an individual patient, and may 
suggest time of last use. For example, norbuprenorphine glucuro-
nide is likely to persist in urine the longest of the analytes included 
in this assay, and may suggest that time of last dose was not recent 
if this is the only analyte detected. Quantitative results are reported 
for all analytes.  

2    Materials 

   Patient random urine specimens are collected using a standard 
urine cup with no preservative.  

       1.    Drug-free urine: collected with no preservative and qualifi ed 
to assure that no buprenorphine or naloxone analytes are 
present.   

   2.    Ammonium hydroxide: 28–30 % NH 3 .   
   3.    Ultrapure water with a resistance of 18 MΩ or greater (e.g. 

Nanopure).   
   4.    0.1 M formic acid: Add 4 mL 98–100 % formic acid to 1 L of 

ultrapure water. Stable for 7 days at room temperature.   
   5.    Mobile phase A (0.1 % formic acid in water): Add 2 mL of 98 

% formic acid to 2 L of ultrapure water. Stable for 10 days at 
room temperature.   

   6.    Mobile phase B (0.1 % formic acid in acetonitrile): Add 2 mL 
of 98 % formic acid to 2 L of acetonitrile. Stable for 10 days at 
room temperature.   

   7.    Autosampler wash 1 (Mobile Phase A: Acetonitrile, 95:5): Add 
100 mL of acetonitrile to 1900 mL of Mobile Phase A. Stable 
for 14 days at room temperature ( see   Note 1 ).   

2.1  Samples

2.2  Reagents

Stephanie J. Marin and Gwendolyn A. McMillin



71

   8.    Autosampler wash 2 (2-propanol:acetonitrile:methanol, 
60:20:20): Prepare by mixing 1200 mL 2-propanol, 400 mL 
acetonitrile, and 400 mL of methanol in a 2 L bottle. Stable for 
14 days at room temperature ( see   Note   1 ).      

       1.    Buprenorphine: 1.0 mg/mL in methanol (Cerilliant, Round 
Rock, TX).   

   2.    Norbuprenorphine: 1.0 mg/mL in methanol (Cerilliant, 
Round Rock, TX).   

   3.    Buprenorphine glucuronide: 0.1 mg/mL in methanol 
(Cerilliant, Round Rock, TX).   

   4.    Norbuprenorphine glucuronide: 0.1 mg/mL in methanol 
(Cerilliant, Round Rock, TX).   

   5.    Naloxone: 1.0 mg/mL in methanol (Cerilliant, Round Rock, TX).   
   6.    Buprenorphine and norbuprenorphine: 10 ng/μL in metha-

nol. Prepared by adding 100 μL each 1.0 mg/mL buprenor-
phine and 1.0 mg/mL norbuprenorphine to the same 10 mL 
Class A volumetric fl ask. Dilute to the mark with methanol.   

   7.    Calibrators prepared in drug-free urine ( see  Table  1 ). Prepared 
by adding the amount listed in Table  2  for each calibrator to 
100 mL of drug-free urine in a Class A volumetric fl ask. Store 
at −80 °C.

               1.    Buprenorphine-D 4 : 1.0 mg/mL in methanol.   
   2.    Norbuprenorphine-D 3 : 1.0 mg/mL in methanol.   
   3.    Naloxone-D 5 : 1.0 mg/mL in methanol.   
   4.    Buprenorphine low and high positive controls prepared in 

drug-free urine ( see  Table  3 ). Prepared by adding the amount 
listed in Table  4  for each control to 100 mL of drug-free urine 
in a Class A volumetric fl ask. Store at −80 °C.

        5.    Buprenorphine internal standard (IS) master mix spike solu-
tion: 4 ng/μL each buprenorphine-D 4 , norbuprenorphine-D 3 , 
naloxone-D 5  prepared in methanol. Prepared by adding 400 
μL of buprenorphine-D 4 , norbuprenorphine-D 3 , naloxone-D 5  
(all 1.0 mg/mL) to methanol in a 100 mL Class A volumetric 
fl ask. Store at −80 °C.   

   6.    Buprenorphine IS master mix (40 ng/mL): Prepared by add-
ing 0.5 mL buprenorphine IS master mix spike solution to 50 
mL 0.1 M formic acid. Prepared fresh before each sample 
extraction.      

       1.    Solid phase extraction columns: PSCX, 10 mg/1 mL (SPEware 
Inc., San Pedro, CA) or Strata X-C, 10 mg/1 mL (Phenomenex, 
Torrance CA), single columns or 96-well plate ( see   Note 2 ).   

2.3  Standards 
and Calibrators

2.4  Quality Control 
and Internal Standard

2.5  Supplies
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   Table 1  
  Concentration of calibrators (Cal 1–6)   

 Analyte  Final conc. (ng/mL) 

 Buprenorphine  Cal 1 = 2 
 Cal 2 = 30 
 Cal 3 = 200 
 Cal 4 = 400 
 Cal 5 = 800 
 Cal 6 = 1000 

 Norbuprenorphine 

 Buprenorphine glucuronide  Cal 1 = 5 
 Cal 2 =30 
 Cal 3 = 200 
 Cal 4 = 400 
 Cal 5 = 800 
 Cal 6 = 1000 

 Norbuprenorphine glucuronide 

 Naloxone  Cal 1 = 100 
 Cal 2 = 150 
 Cal 3 = 200 
 Cal 4 = 400 
 Cal 5 = 800 
 Cal 6 = 1000 

   Table 2  
  Preparation of calibrators   

 Calibrator 

 Buprenorphine 
and norbupre-
norphine 10 ng/
μL 

 Bupre -
norphine 
1.0 mg/mL 

 Norbupre-
norphine 
1.0 mg/mL 

 Buprenorphine 
glucuronide 
0.1 mg/mL 

 Norbuprenorphine 
glucuronide 
0.1 mg/mL 

 Naloxone 
1.0 mg/
mL 

 Cal 1  20 μL  –  –  5.0 μL  5.0 μL  10 μL 

 Cal 2  300 μL  –  –  30 μL  30 μL  15 μL 

 Cal 3  –  20 μL  20 μL  200 μL  200 μL  20 μL 

 Cal 4  –  40 μL  40 μL  400 μL  400 μL  40 μL 

 Cal 5  –  80 μL  80 μL  800 μL  800 μL  80 μL 

 Cal 6  –  100 μL  100 μL  1000 μL  1000 μL  100 μL 

   Table 3  
  Concentration of controls   

 Analyte  Final conc. (ng/mL) 

 Buprenorphine  Low = 4 ng/mL 

 Norbuprenorphine  High = 800 ng/mL 

 Buprenorphine glucuronide  Low = 10 ng/mL 

 Norbuprenorphine glucuronide  High = 800 ng/mL 

 Naloxone  Low = 200 ng/mL 
 High = 800 ng/mL 
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   Table 4  
  Preparation of Controls   

 Control 

 Buprenorphine 
and 
norbuprenor-
phine 10 ng/μL 

 Buprenor-
phine 
1.0 mg/mL 

 Norbuprenor-
phine 
1.0 mg/mL 

 Buprenor-
phine 
glucuronide 
0.1 mg/mL 

 Norbuprenor-
phine 
glucuronide 
0.1 mg/mL 

 Naloxone 
1.0 mg/
mL 

 Low 
positive 
control 

 40 μL  –  –   10 μL   10 μL  20 μL 

 High 
positive 
control 

 –  80 μL  80 μL  800 μL  800 μL  80 μL 

   2.    96-well polypropylene transfer plates.   
   3.    96-well polypropylene collection plates.   
   4.    Silicone plate cover.   
   5.    LC column: Agilent Poroshell 120 EC-C18, 2.7 μm, 50 × 3 mm 

(Agilent Technologies, Santa Clara, CA).      

       1.    Liquid handler (unless pipetting manually): JANUS model 
AJM8001 or comparable instrument (Perkin-Elmer, Waltham, 
Massachusetts) ( see   Note 3 ).   

   2.    96-place positive pressure automated manifold: Cerex (Speware, 
Baldwin Park, CA) or comparable instrument ( see   Note 4 ).   

   3.    96-place sample concentrator: Cerex (Speware, Baldwin Park, 
CA) or comparable instrument.   

   4.    AB SCIEX Triple Quad™ 5500 mass spectrometer interfaced 
with CTC PAL HTC- xt -DLW autosampler and Agilent 1260 
Infi nity series binary pump, degasser, and column oven, operated 
in positive electrospray ionization mode. Instrument control is 
performed using AB SCIEX Analyst ®  software ( see   Note 5 ).

    (a)    LC Conditions:

 ●    Flow rate: 0.50 mL/min.  
 ●   Column Temp: 35 °C.  
 ●   LC Gradient ( see  Table  5 ).

          (b)     Diverter valve: fl ow directed into mass spectrometer from 
1.0 to 2.5 min of the chromatographic run and diverted to 
waste outside of that time interval.   

   (c)    Autosampler settings ( see  Table  6 ).
       (d)    Ion source settings ( see  Table  7 ).
       (e)     MRM transitions and associated MS parameters ( see  Table  8 ).

2.6  Equipment
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3                Methods 

       1.    Condition SPE columns with 0.5 mL methanol followed by 
0.5 mL 0.1 M formic acid.   

   2.    Organize calibrators, controls, and specimens.   
   3.    Add 0.25 mL of specimen, calibrator, or QC into the appropri-

ate well of a 96-well polypropylene transfer plate.   
   4.    Add 0.25 mL of buprenorphine IS master mix to each 

sample.   
   5.    Mix and transfer to the conditioned SPE columns.   
   6.    Load the samples onto the columns at one drop/s.   
   7.    Wash each column with 0.5 mL of 0.1 M formic acid.   
   8.    Wash each column with 1 mL of methanol.   
   9.    Dry the columns under nitrogen for 1 min at 40 psi and 40 °C.   
   10.    Elute the analytes with two 0.5 mL aliquots of 68:30:2 ethyl 

acetate:methanol:ammonium hydroxide into the 2 mL collec-
tion plate.   

   11.    Dry under nitrogen at 40 °C.   
   12.    Reconstitute in 300 μL of 90:10 water:acetonitrile. Seal with a 

plate cover and vortex for 15 s.      

   Data analysis and quantitation is performed using AB SCIEX 
MultiQuant™ software. LOD, LLOQ, and ULOQ for all ana-
lytes are listed in Table  9  ( see   Note 6 ). Typical extracted ion chro-
matograms for a calibrator and a patient sample are shown in 
Figs.  1  and  2 .

3.1  Procedure

3.2  Data Analysis

   Table 5  
  LC gradient conditions   

 Time  %B 

 0.00   5 

 0.25   5 

 2.00  75 

 2.50  95 

 3.00  95 

 3.10   5 

 5.00   5 
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4          Notes 

     1.    Several autosampler wash solvents were evaluated and carry-
over for buprenorphine was observed if these wash solvents 
were not used. The stronger autosampler wash 2 is critical for 
eliminating carryover. This should be re-evaluated if a different 
autosampler is used.   

   Table 6  
  Autosampler parameters   

 Parameter  Value 

 Cycle  Analyst LC injDL W Stadard_Rev05 

 Syringe  100 μL DLW 

 Loop 1 volume (mL)  5 

 Loop 2 volume (μL)  100 

 Actual syringe (μL)  100 

 Injection volume (μL)  5 

 Airgap volume (μL)  3 

 Front volume (μL)  3 

 Rear volume (μL)  3 

 Filling speed (μL/s)  5 

 Pump delay 3 ms  3 

 Inject to: LCvlv1  LCvlv1 

 Injection speed (μL/s)  5 

 Pre inject delay (ms)  500 

 Post inject delay (ms)  500 

 Needle gap (μm)  3 

 Valve clean time solvent 2 (s)  6 

 Post clean time solvent 2 (s)  6 

 Valve clean time solvent 1 (s)  6 

 Post clean time solvent 1 (s)  6 

 Stator wash  1 

 Delay stator wash (s)  120 

 Stator wash time (s)  5 

 Stator wash time solvent 2 (s)  5 

 Stator wash time solvent 1 (s)  5 
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   Table 7  
  MS source parameters   

 Parameter  Value 

 CAD (Collision gas, psi)  10 

 CUR (Curtain gas, psi)  10 

 GS1 (Nebulizer gas, psi)  50 

 GS2 (Heater gas, psi)  80 

 TEM (Temperature °C)  600 

 IS (IonSpray voltage, V)  5000 

 Entrance potential (mV)  10 

 Entrance potential (mV)  10 

 Dwell time (ms)  10 

 Resolution  UNIT 

   Table 8  
  MRM transitions and MS parameters   

 Group  Compound 
 Q1 Mass 
(Da) 

 Q3 Mass 
(Da) 

 Dwell 
(ms)  DP  CE  CXP 

 Buprenorphine  Buprenorphine D4 1  472.30  415.10  10  50  47  20 
 Buprenorphine D4 2  472.30  400.00  10  50  52  20 
 Buprenorphine 1  468.24  396.24  10  300  53  18 
 Buprenorphine 2  468.24  414.29  10  300  47  18 
 Buprenorphine gluc 1  644.42  396.10  10  110  47  18 
 Buprenorphine gluc 2  644.42  414.30  10  110  47  18 

 Norbuprenorphine  Norbuprenorphine D3 1  417.30  343.20  10  50  40  15 
 Norbuprenorphine D3 2  417.30  187.00  10  50  50  10 
 Norbuprenorphine 1  414.18  187.10  10  250  49  8 
 Norbuprenorphine 2  414.18  211.20  10  250  49  10 
 Norbuprenorphine gluc 1  590.19  396.30  10  250  51  18 
 Norbuprenorphine gluc 2  590.19  165.00  10  250  51  18 

 Naloxone  Naloxone D5 1  333.20  258.10  10  150  35  15 
 Naloxone D5 2  333.20  273.00  10  150  35  15 
 Naloxone 1  328.11  183.10  10  130  47  7 
 Naloxone 2  328.11  127.00  10  130  47  7 

   DP  declustering potential,  CE  collision energy,  CXP  exit potential  
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   Table 9  
  Reportable range of analytes   

 Analyte  LOD  LLOQ  ULOQ 

 Buprenorphine  1  2  1000 

 Norbuprenorphine  1  2  1000 

 Buprenorphine glucuronide  2.5  5  1000 

 Norbuprenorphine glucuronide  2.5  5  1000 

 Naloxone  50  100  1000 

  Fig. 1    Extracted ion chromatograms for internal standards and analytes in Calibrator 2 (30 ng/mL) all analytes, 
10 ng/mL for each internal standard       

   2.    The method has been validated using both of these SPE col-
umns with similar results.   

   3.    A JANUS model AJM8001 was used to prepare the samples 
for analysis, but a comparable liquid handler or manual pipet-
ting can be used.   

   4.    This method was validated using positive pressure for SPE 
extraction. The use of vacuum manifolds was not evaluated.   

   5.    LC and MS parameters will vary from instrument to instru-
ment. The parameters shown here can be used as a starting 
point, but MS parameters for all compounds should be opti-
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mized for the instrument used. If a different LC is used, chro-
matographic conditions may need to be modifi ed.   

   6.    Calibration curves were a linear fi t, weighted 1/x, and forced 
through zero. The MQ4 integrator was used for peak integra-
tion. Integration parameters will need to be determined based 
on the quality of the raw data to provide the most consistent 
and accurate peak integration. Acceptance criteria determined 
during validation include: each calibrator was accurate to ±15 
% of its target concentration and the correlation coeffi cient of 
the linear fi t was >0.995. Controls were ±20 of the target 
value. Ion mass ratios were within ±20 %.         
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    Chapter 9   

 A Simple Liquid Chromatography Tandem Mass 
Spectrometry Method for Quantitation of Plasma Busulfan       

     Shuang     Deng    ,     Michael     Kiscoan    ,     Clint     Frazee    ,     Susan     Abdel-Rahman    , 
    Jignesh     Dalal    , and     Uttam     Garg       

  Abstract 

   Busulfan is an alkylating agent widely used in the ablation of bone marrow cells before hematopoietic 
stem cell transplant. Due to large intraindividual and interindividual variations, and narrow therapeutic 
window, therapeutic drug monitoring of busulfan is warranted. A quick and reliable HPLC-MS/MS 
method was developed for the assay of plasma busulfan. HPLC involved C18 column, and MS/MS was 
used in electrospray ionization (ESI) positive mode. Quantitation and identifi cation of busulfan was made 
using various multiple reactions monitoring (MRMs). Isotopic labeled busulfan-d 8  was used as the inter-
nal standard. The method is linear from 50 to 2500 ng/mL and has with-in run and between-run impre-
cision of <10 %.  

  Key words     Busulfan  ,   Mass spectrometry  ,   Liquid chromatography  ,   Bone marrow transplant  ,   Leukemia  

1      Introduction 

 Busulfan is  an   anti- leukemic   DNA-alkylating agent widely used in 
combination with cyclophosphamide for myeloablative condition-
ing regimens prior to hematopoietic stem cell transplantation [ 1 –
 3 ]. Busulfan has a narrow therapeutic range with signifi cant toxic 
side effects at high systemic exposure and risk of incomplete mye-
loablative and graft rejection at low exposure. Therefore, measure-
ment of busulfan is warranted in busulfan dose adjustment and 
optimal drug exposure [ 4 ]. 

 Various methods including immunoassays,  gas chromatogra-
phy (GC)   coupled with electron capture detector or mass spec-
trometry, liquid chromatography coupled with UV detectors or 
 mass spectrometry   or fl uorescence detectors have been described 
[ 5 – 16 ]. Due to better specifi city, chromatographic methods are 
preferred. Since busulfan is not a volatile drug, its measurement by 
gas chromatography is tedious and time-consuming and requires 
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sample derivatization and extraction [ 5 ,  9 ,  16 ]. Liquid chromatog-
raphy  mass spectrometry   methods often require sample extraction 
but are preferred as they do not require sample derivatization. 
Here, we describe a simple protein precipitation no-extraction 
LC-MS/MS method for the determination of busulfan. The 
method uses positive ion electrospray ionization (ESI), multiple 
reactions monitoring (MRM), and D 8 -busulfan as internal 
standard.  

2    Materials 

   1 mL blood in sodium heparin (no gel). Process the sample and 
analyze within 4 h of collection or freeze plasma at −70 °C until 
analysis ( see   Note 1 ). Children receiving busulfan every 6 h with a 
120 min infusion have plasma samples drawn at 120, 135, 150, 
180, 240, 300, and 360 min from the start of the infusion. Children 
receiving busulfan every 24 h with a 180 min infusion have plasma 
samples drawn at 180, 195, 240, 300, 360, and 480 min from the 
start of the infusion.  

       1.    7.5 M Ammonium acetate (Sigma Chemicals, St. Louis, MO).   
   2.    0.3 N Zinc Sulfate (Sigma Chemicals, St. Louis, MO).   
   3.    Busulfan Powder (Sigma Chemicals, St. Louis, MO).   
   4.    Busulfan, 1 mg/mL (Cerilliant, Rockwood, CA).   
   5.    Busulfan-d 8 , 1 mg/mL (Cambridge Isotope Laboratories, 

Inc.).   
   6.    Mobile phase A (20 mM ammonium acetate/water/0.5 % for-

mic acid): To 1 L of HPLC grade water add 2.7 mL of 7.5 M 
ammonium acetate and 570 μL of 88 % formic acid. Mix and 
degas. Stable for 1 month when stored at room temperature.   

   7.    Mobile phase B (20 mM ammonium acetate/methanol/0.5 % 
formic acid): To 1 L of methanol add 2.7 mL of 7.5 M ammo-
nium acetate and 570 μL of 88 % formic acid. Mix and degas. 
Stable for 1 month when stored at room temperature.   

   8.    Precipitating reagent: Combine 350 mL methanol, 150 mL 
0.3 N Zinc Sulfate Solution, 125 μL of 1 mg/mL busulfan-d 8  
(primary internal standard).      

       1.    Primary internal standard, Busulfan-d 8 , 1 mg/mL in acetone: 
Dissolve 10 mg in 10 mL acetone. Stable for 1 year when 
stored at −70 °C.   

   2.    Primary ( 1° ) standard, Busulfan 1 mg/mL in acetone: Dissolve 
100 mg into a 100 mL volumetric fl ask and q.s. with acetone, 
stable for 1 year at −70 °C.   

2.1  Samples

2.2  Reagents

2.3  Calibrators 
and Controls

Shuang Deng et al.
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   3.    Secondary ( 2° ) standard, Busulfan 10 μg/mL in negative 
plasma: Add 250 μL of primary standard into a 25 mL volu-
metric fl ask and q.s. with negative plasma to 25 mL. Stable for 
1 year at −70 °C.   

   4.    Tertiary ( 3° ) standard, Busulfan 2500 ng/mL in negative 
plasma: Add 2.5 mL of secondary standard into a 10 mL 
 volumetric fl ask and q.s. with negative plasma to 10 mL, stable 
for 1 year at −70 °C ( see   Note 2 ).   

   5.    Quaternary ( 4° ) standard ,  Busulfan 1000 ng/mL in negative 
plasma: Add 1 mL of secondary standard ( 2° ) into a 10 mL 
volumetric fl ask and q.s. with negative plasma to 10 mL, stable 
for 1 year at −70 °C ( see   Note 3 ).   

   6.    Negative plasma matrix preparation: Add 850 mg EDTA triso-
dium salt hydrate to 500 mL pooled expired plasma from 
blood bank. The plasma fi rst undergoes three cycles of freeze/
thaw cycles. Centrifuge the plasma for 5 min at 4600 ×  g  and 
fi lter the supernatant. Stable for 1 year at −70 °C ( see   Note 4 ).   

   7.    Preparation of calibrators: Prepare calibrators in negative 
plasma as described in Table  1 . Stable for 1 year at −70 °C.

       8.    Preparation of controls: Prepare controls in negative plasma as 
described in Table  2  ( see   Note 5 ). Stable for 1 year at −70 °C.

              1.    Liquid chromatography system: Prominence UFLC system 
(Schimadzu Scientifi c Instruments) or equivalent.   

   2.    Analytic column: Supelcosil LC-18, 5 cm × 4.6 mm, 5 μm 
(Sigma-Aldrich).   

   3.    LC parameters: Flow rate, 0.9 mL/min. Column temperature, 
55 °C. HPLC gradient is shown in Table  3 .

2.4  Analytical 
Equipment 
and Operating 
Conditions

   Table 1  
  Preparation of calibrators   

 Calibrator 
 2° Standard 
(mL) 

 3° Standard 
(mL) 

 4° Standard 
(mL) 

 Negative 
plasma (mL) 

 Final 
concentration 
(ng/mL) 

 1  0.5  9.5  50 

 2  1  9.0  100 

 3  1  9.0  250 

 4  0.5  9.5  500 

 5  1  9.0  1000 

 6  2.5  7.5  2500 

  Note: All calibrators are stable for 1 year when stored at −70 °C  

Busulfan Quantifi cation in Plasma
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   Table 2  
  Preparation of quality controls   

 Quality control  2° Standard (mL) 
 Negative 
plasma (mL) 

 Final 
concentration 
(ng/mL) 

 1  0.15  9.85   150 

 2  0.75  9.25   750 

 3  2.00  8.00  2000 

   Table 3  
  HPLC gradient   

 Time (min)  Mobile phase B % 

 2    2 

 4  100 

 6  100 

 6.1    2 

 8    2 

       4.     Mass spectrometry  : 4000 Qtrap (AB Sciex) or equivalent. Use 
electrospray ionization source (ESI) and positive polarity mode 
to monitor ion pairs in multiple reactions monitoring (MRM) 
mode. MRMs are given in Table  4 . Mass spectrometry settings 
are given in Table  5 . Optimized mass spectrometry parameters 
are given in Table  6 .

3              Methods 

       1.    Pipette 100 μL of well-mixed standards, patient plasma and 
control to a microcentrifuge tube.   

   2.    Add 100 μL 0.9 % NaCl solution and gently vortex to mix.   

3.1  Stepwise 
Procedure

    Table 4  
  MRMs for  busulfan   and busulfan-D 8    

 Analyte  Q1  Q3  Qualifi er ion 

 Busulfan  264  151  247 

 Busulfan-d8  272  159  255 

Shuang Deng et al.
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   3.    Add 500 μL precipitating/IS reagent, then immediately cap 
and vortex twice for total 30 s (2× dilutions are performed for 
each sample at the same time).   

   4.    Centrifuge tubes for 5 min at 12,000 ×  g .   
   5.    Carefully transfer approximately 100 μL of solution into 

labeled autosampler vials ( see   Note 6 ).   
   6.    Inject 20 μL into  LC/MS/MS   for analysis.      

       1.    Data are analyzed using Analyst 4.1 software (AB Sciex).   
   2.    Standard curves are generated based on linear regression of the 

analyte/IS peak area ratios ( y ) versus analyte concentration ( x ) 
using MRMs provided in Table  4 .   

   3.    Typically, coeffi cient of correlation is >0.99.   
   4.    Runs are accepted if calculated controls fall within two stan-

dard deviations of target values.   
   5.    The linearity ranges from 50 to 2500 ng/mL. Any sample 

exceeding 2500 ng/mL is diluted with negative plasma and 
re-run.   

   6.    Between and with-in run imprecision are <10 %.   

3.2  Data Analysis

   Table 5  
   Mass spectrometry   settings   

 Curtain gas (CUR)  25 

 Collision gas (GAD)  Medium 

 Ionspray voltage (IS)  4000 V 

 Temperature (TEM)  375 °C 

 Ion source gas 1 (GS 1)  50 

 Ion source gas 2 (GS 2)  60 

 Interface heater  on 

   Table 6  
   Mass spectrometry   optimization for various ions   

 Analyte  Q1 (m/z)  Q3 (m/z)  DP (V)  EP (V)  CXP (V)  CE (eV) 

 Busulfan 1  264.0  151.1  46  10   8  17 

 Busulfan 2  264.0  247.1  31  10  10  15 

 D 8 -Busulfan 1  272.1  159.1  31  10  14  17 

 D 8 -Busulfan 2  272.1  255.1  31  10  10  10 

Busulfan Quantifi cation in Plasma
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   7.    Carry-over monitoring is evaluated by injecting negative sam-
ple after highest calibrator.   

   8.    Ion suppression is monitored by comparing peak area counts 
of samples with plasma matrix-free sample and is typically 
<20 %.   

   9.    Typical chromatograms for busulfan and busulfan-d8 are given 
in Fig.  1 .

          The data are curve fi t using a peeling algorithm to generate initial 
polyexponential parameter estimates with fi nal parameter estimates 
determined from an iterative, nonlinear weighted least squares 
regression algorithm with reciprocal (1/y2calc) weighting. Model- 
dependent pharmacokinetic parameters are calculated from fi nal 
polyexponential parameter estimates. Alternatively, a model- 
independent approach can be applied to analyze the data. Area 

3.3  Pharmacokinetic 
Modeling
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  Fig. 1    HPLC-MS/MS MRM chromatograms for busulfan and busulfan-d8 (1000 ng/mL)       
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under the plasma concentration versus time curve during the sam-
pling period (AUC0-n) can be calculated using the trapezoidal 
rule. Extrapolation of the  AUC   to infi nity (AUC0-∞) is calculated 
by summation of AUC0-n + Cn/λz, where Cn represents the fi nal 
plasma concentration and λz is the apparent terminal elimination 
rate constant. 

 Dose adjustments are driven by clinician defi ned exposure esti-
mates, typically a desired average steady-state concentration over 
the entire dosing regimen (Css avg) expressed in ng/mL, or an 
average AUC over the entire dosing regimen expressed in μmol 
min. Representative plasma concentration versus time profi les 
observed with a 6-h and a 24-h dosing interval are illustrated 
in Fig.  2 .

  Fig. 2    Plasma concentration versus time profi les for 6-h and a 24-h dosing 
interval       
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4        Notes 

     1.    Samples that are clotted, hemolysed, or collected in gel tubes 
are not suitable.   

   2.    Tertiary standard also serves as calibrator 6.   
   3.    Quaternary standard also serves as calibrator 5.   
   4.    Analyze the negative plasma to assure that it is negative for 

busulfan and any other unanticipated interference.   
   5.    Controls should be prepared separately and independently 

from calibrators.   
   6.    Avoid touching the sides of the tube when transferring 

supernatant.         

   References 

    1.    Cavo M, Bandini G, Benni M, Gozzetti A, 
Ronconi S, Rosti G, Zamagni E, Lemoli RM, 
Bonini A, Belardinelli A et al (1998) High- dose 
busulfan and cyclophosphamide are an effective 
conditioning regimen for allogeneic bone mar-
row transplantation in chemosensitive multiple 
myeloma. Bone Marrow Transplant 22:27–32  

   2.    O’Donnell MR, Long GD, Parker PM, Niland 
J, Nademanee A, Amylon M, Chao N, Negrin 
RS, Schmidt GM, Slovak ML et al (1995) 
Busulfan/cyclophosphamide as conditioning 
regimen for allogeneic bone marrow transplan-
tation for myelodysplasia. J Clin Oncol 
13:2973–2979  

    3.    Shah AJ, Lenarsky C, Kapoor N, Crooks GM, 
Kohn DB, Parkman R, Epport K, Wilson K, 
Weinberg K (2004) Busulfan and cyclophos-
phamide as a conditioning regimen for pediat-
ric acute lymphoblastic leukemia patients 
undergoing bone marrow transplantation. 
J Pediatr Hematol Oncol 26:91–97  

    4.    Slattery JT, Risler LJ (1998) Therapeutic mon-
itoring of busulfan in hematopoietic stem cell 
transplantation. Ther Drug Monit 
20:543–549  

     5.    Athanasiadou I, Angelis YS, Lyris E, Archontaki 
H, Georgakopoulos C, Valsami G (2014) Gas 
chromatographic-mass spectrometric quantita-
tion of busulfan in human plasma for therapeu-
tic drug monitoring: a new on-line 
derivatization procedure for the conversion of 
busulfan to 1,4-diiodobutane. J Pharm Biomed 
Anal 90:207–214  

   6.    Courtney JB, Harney R, Li Y, Lundell G, 
McMillin GA, Agarwal G, Juenke JM, Mathew 
A, Gonzalez-Espinoza R, Fleisher M et al 
(2009) Determination of busulfan in human 

plasma using an ELISA format. Ther Drug 
Monit 31:489–494  

   7.    Embree L, Burns RB, Heggie JR, Phillips GL, 
Reece DE, Spinelli JJ, Hartley DO, Hudon NJ, 
Goldie JH (1993) Gas-chromatographic analy-
sis of busulfan for therapeutic drug monitor-
ing. Cancer Chemother Pharmacol 
32:137–142  

   8.    French D, Sujishi KK, Long-Boyle JR, Ritchie 
JC (2014) Development and validation of a liq-
uid chromatography-tandem mass spectrome-
try assay to quantify plasma busulfan. Ther 
Drug Monit 36:169–174  

    9.    Hassan M, Ehrsson H (1983) Gas chromato-
graphic determination of busulfan in plasma 
with electron-capture detection. J Chromatogr 
277:374–380  

   10.    Juenke JM, Miller KA, McMillin GA, Johnson- 
Davis KL (2011) An automated method for 
supporting busulfan therapeutic drug monitor-
ing. Ther Drug Monit 33:315–320  

   11.    Kellogg MD, Law T, Sakamoto M, Rifai N 
(2005) Tandem mass spectrometry method for 
the quantifi cation of serum busulfan. Ther 
Drug Monit 27:625–629  

   12.    Lai WK, Pang CP, Law LK, Wong R, Li CK, 
Yuen PM (1998) Routine analysis of plasma 
busulfan by gas chromatography-mass frag-
mentography. Clin Chem 44:2506–2510  

   13.    Moon SY, Lim MK, Hong S, Jeon Y, Han M, 
Song SH, Lim KS, Yu KS, Jang IJ, Lee JW et al 
(2014) Quantifi cation of human plasma- 
busulfan concentration by liquid 
chromatography- tandem mass spectrometry. 
Ann Lab Med 34:7–14  

   14.    Murdter TE, Coller J, Claviez A, Schonberger 
F, Hofmann U, Dreger P, Schwab M (2001) 

Shuang Deng et al.



87

Sensitive and rapid quantifi cation of busulfan in 
small plasma volumes by liquid chromatography- 
electrospray mass spectrometry. Clin Chem 
47:1437–1442  

   15.    Quernin MH, Duval M, Litalien C, Vilmer E, 
Aigrain EJ (2001) Quantifi cation of busulfan 
in plasma by liquid chromatography-ion spray 

mass spectrometry. Application to pharmacoki-
netic studies in children. J Chromatogr B 
Biomed Sci Appl 763:61–69  

     16.    Vassal G, Re M, Gouyette A (1988) Gas 
chromatographic- mass spectrometric assay for 
busulfan in biological fl uids using a deuterated 
internal standard. J Chromatogr 428:357–361    

Busulfan Quantifi cation in Plasma





89

Uttam Garg (ed.), Clinical Applications of Mass Spectrometry in Drug Analysis: Methods and Protocols, Methods in Molecular
Biology, vol. 1383, DOI 10.1007/978-1-4939-3252-8_10, © Springer Science+Business Media New York 2016

    Chapter 10   

 High-Throughput Quantitation of Busulfan in Plasma 
Using Ultrafast Solid-Phase Extraction Tandem Mass 
Spectrometry (SPE-MS/MS)       

     Loralie     J.     Langman      ,     Darlington     Danso    ,     Enger     Robert    , 
and     Paul     J.     Jannetto     

  Abstract 

   Busulfan is a commonly used antineoplastic agent to condition/ablate bone marrow cells before hematopoietic 
stem cell transplant. While intravenous (IV) formulations of busulfan are now available and have lower 
incidences of toxicity and treatment related mortality compared to oral dosing, it still displays large phar-
macokinetic variability. As a result, studies have shown that therapeutic drug monitoring is clinically useful 
to minimize graft failure, disease reoccurrence, and toxicities like veno-occlusive disease and neurologic 
toxicity. Current methods for assaying busulfan include the use of GC/MS, HPLC, and LC-MS/MS. The 
clinical need for faster turnaround times and increased testing volumes has required laboratories to develop 
faster methods of analysis for higher throughput of samples. Therefore, we present a method for the quan-
tifi cation of busulfan in plasma using an ultrafast SPE-MS/MS which has much faster sample cycle times 
(<20 s per sample) and comparable analytical results to GC/MS.  

  Key words     Busulfan  ,   SPE-MS/MS AUC  ,   Pharmacokinetic monitoring  

1      Introduction 

    Busulfan   (1, 4- butanediol   dimethansulfonate) was approved by the 
US Food and Drug Administration (FDA) in 1999 for the treat-
ment of chronic myelogenous  leukemia  ; it is also used in combina-
tion with other drugs as a conditioning agent prior to  bone marrow 
transplantation   [ 1 ]. Busulfan is a bifunctional  antineoplastic   whose 
mechanism of action includes alkylation and cross-linking of 
strands of DNA to prevent its replication [ 2 ]. Specifi cally, busulfan 
prefers to react with the N 7  nitrogen of guanine or the N 3  nitrogen 
of adenine [ 3 ,  4 ]. The functionality of busulfan allows it to form an 
intra-strand cross-link between adjacent nucleotides in a DNA 
chain [ 5 ,  6 ] which is accomplished by the SN 2  reactions with the 
nucleotides on both of the functionalized carbons on the busulfan. 
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The intra-strand crosslinks formed are believed to be responsible 
for busulfan’s cytotoxicity and are thought to inhibit DNA replica-
tion leading to eventual cell death (apoptosis). To minimize cyto-
toxicity while ensuring adequate concentrations of busulfan 
completely destroy the bone marrow,  therapeutic drug monitoring   
is critical. Studies have shown that monitoring the busulfan area 
under the plasma drug concentration-time curve ( AUC  ) and 
steady-state concentrations (Css) have been related to therapeutic 
outcome [ 7 ].

   Busulfan is commonly administered intravenously through a 
central venous catheter. It is given as a 2-h infusion, every 6 h for 
four consecutive days resulting in a total of 16 doses [ 8 ]. The 
usual adult dose is 0.8 mg/kg of ideal body weight or actual body 
weight. Intravenous dosing is usually guided by pharmacokinetic 
evaluation of the  area under the curve (AUC)   and clearance after 
the fi rst dose [ 9 ]. Busulfan  AUC   and clearance are calculated 
after the quantifi cation of busulfan concentration in plasma col-
lected immediately after the termination of a 2-h intravenous 
infusion of 0.8 mg/kg busulfan, as well as 1 h, 2 h, and 4 h after 
the end of infusion. The  AUC   is calculated using the trapezoidal 
rule. The optimal dose is calculated based on the assumption that 
the ideal  AUC   is 1100 μM*min.  AUC   greater than 1500 μM*min 
is associated with hepatic veno-occlusive disease [ 10 ], and  AUC   
less than 900 μM*min indicates incomplete bone marrow abla-
tion. In order to facilitate monitoring, there is the need for fast 
turn–around- times (TAT) for the analysis of busulfan in plasma. 
Therefore, an ultrafast SPE/MS/MS method with a cycle time of 
20 s per injection for the quantitation of busulfan in plasma is 
presented.  

2    Materials 

   Heparinized plasma samples must be collected, placed on ice, and 
centrifuged as quickly as possible to prevent degradation [ 11 ] ( see  
 Note 1 ). However, once separated, samples stored refrigerated 
were stable up to 3 days and samples stored frozen (−70 °C) with 
up to fi ve freeze-thaw cycles were stable up to 28 days. Following 
24 h of storage at ambient temperature, the drug concentrations 
decrease signifi cantly and was therefore considered not stable 
under ambient conditions [ 12 ].  

       1.    Wash solution #1(clinical laboratory reagent water (CLRW) 
with 0.1 % formic acid): In a 2 L reagent bottle, add 2 L 
CLRW. Add 2 mL formic acid and mix well. It is stable for 1 
month at 20–27 °C.   

2.1  Samples

2.2  Reagents

Loralie J. Langman et al.



91

   2.    Wash solution #2 (90 % acetonitrile with 10 % isopropanol): In 
a 2 L reagent bottle, add 1.8 L acetonitrile. Add 200 mL iso-
propanol and mix well. It is stable for 1 year at 20–27 °C.   

   3.    Mobile phase 1/reconstitution solution: In a 2.0 L reagent 
bottle add 2.0 L CLRW. Add 1.54 g ammonium acetate and 
mix well. Add 2.0 mL formic acid and mix well. Add 180 μL 
TFA and mix well. It is stable 1 month at 20–27 °C.   

   4.    Mobile phase 2 (50 % methanol/CLRW): In a 2.0 L reagent 
bottle add 1.0 L methanol. Add 1.0 L CLRW and mix well. It 
is stable 2 months at 20–27 °C.   

   5.    Mobile phase 3: In a 2 L reagent bottle, add 2.0 L methanol. 
Add 1.54 g ammonium acetate and mix well. Add 2 mL formic 
acid and mix well. Add 180 μL TFA and mix well. It is stable 1 
year at 20–27 °C.      

       1.    Busulfan, Stock I (Sigma-Aldrich).   
   2.    Busulfan Stock II Standard (1.0 mg/mL): Accurately weigh out 

10 mg of busulfan and transfer to a 10 mL volumetric fl ask. Bring 
to volume with acetone and mix thoroughly. Store at −10 to 
−35 °C protected from light. Stable for 1 year after preparation 
or until expiration of Stock 1 Standard, whichever comes fi rst.   

   3.    Busulfan Intermediate Standard (100 μg/mL): Transfer 
2.5 mL of Stock II standard solution (1.0 mg/mL) to a 25 mL 
volumetric fl ask. Bring to volume with methanol and mix thor-
oughly. Store at −10 to −35 °C protected from light. Stable for 
1 year after preparation or until expiration of Stock II Standards, 
whichever comes fi rst.   

   4.    Calibrators are prepared according to Table  1 .

2.3  Standards 
and Calibrators

    Table 1  
  Preparation of calibrators: the total volume is made to 50 mL with 
drug-free plasma   

 Concentration (ng/mL)  µL of working standard (100 µg/mL) 

 25  12.5 

 200  100 

 1000  500 

 3000  1500 

  μL of working standard (1 mg/mL)  

 7500  375 

  Calibrators are stable for 1 year at −20 °C  

High-Throughput Quantitation of Busulfan in Plasma Using Ultrafast Solid-Phase…
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              1.    Quality controls samples are prepared in house according to 
the Table  2 .

       2.    Primary internal standard: Busulfan-d 4 —Prepared using the 
method of Vassal and Gouyette [ 13 ] or can be bought com-
mercially (Cambridge Isotope Laboratories).   

   3.    Busulfan-d 4  Stock II Internal Standard, 1.0 mg/mL: Accurately 
weigh out 10 mg of busulfan internal standard and transfer to 
a 10 mL volumetric fl ask. Bring to volume with ethyl acetate 
and mix thoroughly. Store at −10 to −35 °C protected from 
light. Stable for 1 year after preparation or until expiration of 
Stock I Standard, whichever comes fi rst.   

   4.    Busulfan-d 4  Intermediate Internal Standard (100.0 μg/mL): 
Transfer 1 mL of Stock II standard (1.0 mg/mL) to a 10 mL 
volumetric fl ask. Bring to volume with methanol and mix thor-
oughly. Store at −10 to −35 °C protected from light. Stable for 
1 year after preparation or until expiration of Stock II Standards, 
whichever comes fi rst.   

   5.    Busulfan-d 4  Working Internal Standard (2.0 μg/mL): Transfer 
2 mL of the 100 μg/mL Intermediate Internal Standard to a 
100 mL volumetric fl ask. Bring to volume with methanol and 
mix thoroughly. Transfer solution into ten amber vials and seal 
with screw caps utilizing a rubber/Tefl on septum. Store at −10 
to −35 °C. Stable for 1 year after preparation or until expira-
tion of Stock II Standards, whichever comes fi rst.      

       1.    96 Deep-well 1.5 mL plates (Nalgen Nunc).   
   2.    SPE cartridge C18 (Agilent RapidFire).   
   3.    Borosilicate glass test tubes; 16 × 125 mm and 16 × 100 mm.   
   4.    Agilent 1200 series HPLC using Agilent RapidFire  liquid 

chromatography  .   
   5.    Agilent 6400 series QQQ mass spec detector.       

2.4  Quality Controls 
and Internal Standard

2.5  Supplies 
and Equipment

   Table 2  
  Preparation of quality control: the total volume is made to 50 mL with 
drug-free plasma   

 Concentration (ng/mL)  µL of working standard (100 µg/mL) 

 300  150 

 2500  1250 

  μL of working standard (1000 μg/mL)  

 5000  250 

  Quality controls are stable for 1 year at −20 °C  

Loralie J. Langman et al.
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3    Methods 

       1.    Aliquot 100 μL of each standard, control, and patient sample 
into individually labeled 16 × 125 mm glass tubes.   

   2.    To each standard, control, and patient sample add:
   (a)    50 μL of working internal standard.   
  (b)    3.0 mL of  n -butyl chloride.       

   3.    Vortex for 2 min on multi-vortexer.   
   4.    Centrifuge at 2100 ×  g  for 5 min.   
   5.    Transfer organic supernatant to individually labeled 16 × 100 

glass tubes.   
   6.    Dry down under a gentle stream of nitrogen at ≤40 °C.   
   7.    Add 600 μL of reconstitution solution.   
   8.    Vortex for 10 s.   
   9.    Transfer extracts to the 96 deep-well plate.   
   10.    Inject 10 μL of each extract on a RapidFire-MS/MS system.      

       1.    Samples were analyzed at the rate of 20 s per sample. Analytical 
conditions are described in Table  3 .

       2.    MassHunter Triple Quadruple Acquisition software (B.04.01) 
with Qualitative Analysis (B.04.00) and Quantitative Analysis 
(B.04.00), and RapidFire Integrator Software.   

3.1  Stepwise 
Procedure

3.2  Data Analysis

   Table 3  
  Analytical conditions for HPLC-MS-MS   

 RapidFire cycle conditions 

 State 1  Aspirate  600 ms 

 State 2  Load/wash  3500 ms  Mobile phase 1/
mobile phase 2 

 State 3  Elute  3500 ms  Mobile phase 3 

 State 4  Re-equilibrate  1000 ms  Mobile phase 1 

 Triple quadrupole conditions 

 Gas temp  220 °C 

 Gas fl ow  19 L/min 

 Nebulizer  50 psi 

 Sheath gas temp  250 °C 

 Sheath gas fl ow  11 L/min 

 Capillary  3000 V 

 Nozzle voltage  0 V 

High-Throughput Quantitation of Busulfan in Plasma Using Ultrafast Solid-Phase…
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   3.    The ions used for identifi cation and quantifi cation are listed in 
Table  4 .

       4.    The linearity/limit of quantitation of the method is 
25–7500 ng/mL. Samples in which the drug concentrations 
exceed the upper limit of quantitation should be diluted with 
drug free plasma and retested.   

   5.    A typical calibration curve has correlation coeffi cient ( r  2 ) of 
>0.99.   

   6.    Typical intra and inter-assay imprecision throughout the ana-
lytical range is <5 %.   

   7.    Quality control: The analytical run is considered acceptable if 
the calculated concentrations of drugs in the controls are 
within ±10 % of target values. The quantifying ion in the sam-
ple is considered acceptable if the ratios of qualifi er ions to 
quantifying ion are within ±20 % of the ion ratios for the 
calibrators.   

   8.    A typical Chromatogram is shown in Fig.  1 .      

       1.    The units, the AUC should be reported in μM*min, the clear-
ance in (mL/min)/Kg, and dose in mg.   

   2.    Dosing is usually guided by pharmacokinetic evaluation of the 
 area under the curve (AUC)   and clearance calculation of AUC 
is performed using the trapezoidal rule, and clearance is the 
dose divided by the  AUC  .       

4    Notes 

     1.    This step is particularly important to prevent degradation of 
the drug in whole blood and the possibility of reporting out a 
falsely decreased busulfan concentration.           

3.3  Reporting

   Table 4  
  MRMs for  busulfan   and busulfan-D4   

 Analyte  Precursor ion  Product ion  CE (v) 

 Busulfan  264.1  151.1  1 

 Busulfan qualifi er  264.1  55.1  10 

 Busulfan-D4  268.1  155.1  0 

 Busulfan-D4 qualifi er  268.1  59.1  12 

Loralie J. Langman et al.
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  Fig. 1    Chromatogram of ( a ) busulfan at the LOQ (25 ng/mL – Signal to noise ratio 1302), and ( b ) Busulfan-d4 
Internal Standard       
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    Chapter 11   

 Quantifi cation of 11-Carboxy-Delta-9-
Tetrahydrocannabinol (THC-COOH) in Meconium Using 
Gas Chromatography/Mass Spectrometry (GC/MS)       

     Judy     Peat    ,     Brehon     Davis    ,     Clint     Frazee    , and     Uttam     Garg       

  Abstract 

   Maternal substance abuse is an ongoing concern and detecting drug use during pregnancy is an important 
component of neonatal care when drug abuse is suspected. Meconium is the preferred specimen for drug 
testing because it is easier to collect than neonatal urine and it provides a much broader time frame of drug 
exposure. We describe a method for quantifying 11-carboxy-delta-9-tetrahydrocannabinol (THC-COOH) 
in meconium. After adding a labeled internal standard (THC-COOH D9) and acetonitrile, samples are 
sonicated to release both free and conjugated THC-COOH. The acetonitrile/aqueous layer is removed 
and mixed with a strong base to hydrolyze the conjugated THC-COOH. The samples are then extracted 
with an organic solvent mixture as part of a sample “cleanup.” The organic solvent layer is discarded and 
the remaining aqueous sample is acidifi ed. Following extraction with a second organic mixture, the organic 
layer is removed and concentrated to dryness. The resulting residue is converted to a trimethylsilyl (TMS) 
derivative and analyzed using gas chromatography/mass spectrometry (GC/MS) in selective ion monitor-
ing (SIM) mode.  

  Key words     Substance abuse  ,   Meconium  ,   Marijuana  ,   11-Carboxy-delta-9-tetrahydrocannabinol  , 
  Carboxy-THC  

1      Introduction 

   Illicit  drugs    use   during  pregnancy   remains a signifi cant concern, 
and is associated with adverse fetal and maternal outcome. Amongst 
abused substances, cannabis remains the most commonly abused 
in the United States [ 1 ]. Various methods such as interviewing the 
mother in person or by questionnaire and drug testing in different 
specimen matrices are used to determine prenatal drug exposure 
[ 2 – 5 ]. Due to the legal repercussions of admitting illicit drug use, 
self-reported drug use is not reliable [ 2 – 4 ]. Urine from mother or 
infant is typically positive only for few days after the drug exposure. 
Meconium is a preferred sample to determine fetal drug exposure 
as it can provide maternal drug abuse history for several months 
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because it begins forming between the 12th and 16th weeks of 
gestation, and it accumulates until shortly after birth. Meconium is 
a gelatinous, heterogeneous substance comprised of epithelial and 
squamous cells and amniotic fl uid, swallowed by the fetus during 
the last half of  pregnancy  , and voided as fi rst stools following birth. 
It is hypothesized that the fetus excretes drug into bile and amni-
otic fl uid, and then the drug accumulates in meconium by direct 
disposition or by swallowing amniotic fl uid [ 2 ,  3 ]. 

 Because meconium is a thick and heterogeneous material, it is 
a diffi cult sample to work with, and requires special preparation 
before drug extraction. In general meconium is homogenized in 
an organic solvent for drug extraction. The extract is either used 
directly or dried and reconstituted in an aqueous buffer, and tested 
by immunoassay or mass spectrometric methods. Immunoassay 
positive results should be confi rmed by a  mass spectrometry   
method. Both gas and  liquid chromatography   mass spectrometric 
methods have been described in the literature [ 6 – 9 ]. We describe 
a  GC/MS   method for measuring total THC-COOH levels in 
meconium. The method is simple and reproducible, and has a lin-
ear range of 10–500 ng/g.  

2    Materials 

   1 g meconium.  

       1.    Bis-(trimethylsilyl)trifl uoroacetamide (BSTFA) with 1 % tri-
methylchlorosilane (TMCS) (United Chemical Technologies, 
Bristol, PA).   

   2.    11.8 N Potassium hydroxide: Add approximately 500 mL of 
deionized water to a 1 L volumetric fl ask. Slowly add 662 g of 
KOH pellets and bring the volume to 1 L with deionized water. 
Store in an amber bottle. Stable for 1 year at room temperature.   

   3.    Hexanes: Ethyl acetate (8:2): Combine 800 mL hexanes with 
200 mL of ethyl acetate. Store in an amber bottle. Stable for 1 
year at room temperature.   

   4.    0.1 M acetic acid: Add approximately 400 mL of deionized 
water to a 500 mL volumetric fl ask. Slowly add 2.87 mL glacial 
acetic acid and bring the volume to 500 mL with deionized 
water. Stable for 6 months at room temperature.   

   5.    0.2 N Sodium hydroxide: Add 10 mL 1.0 N NaOH to a 50 mL 
volumetric fl ask and bring the volume to 50 mL with deion-
ized water. Stable for 6 months at room temperature.      

       1.    Primary standard: 100 μg/mL THC-COOH (Cerilliant).   
   2.    Primary internal standard: 100 μg/mL THC-COOH D9 

(Cerilliant).   

2.1  Sample

2.2  Solvents 
and Reagents

2.3  Standards

Judy Peat et al.
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   3.    Working secondary standard, 10 μg/mL THC-COOH: Add 
1 mL primary standard to a 10 mL volumetric fl ask and 
bring the volume to 10 mL with methanol. Stable for 1 year 
at −20 °C.   

   4.    Working tertiary standard, 1 μg/mL THC-COOH: Add 
1 mL of working secondary standard to a 10 mL volumetric 
fl ask and bring the volume to 10 mL with methanol. Stable 
for 1 year at −20 °C.   

   5.    Working internal standard, 2 μg/mL THC-COOH D9: Add 
1 mL primary internal standard to 50 mL volumetric fl ask and 
bring the volume to 50 mL with methanol. Stable for 1 year 
at −20 °C.      

       1.    Prepare working calibrators and controls according to Table  1  
by adding the indicated tertiary or secondary standard volume 
to extraction tubes which have been pre-coated with 1 g nega-
tive meconium ( see   Note 1 ).

       2.    In-house meconium controls: Bio-Rad (Bio-Rad Laboratories) 
THC-COOH urine controls (two levels) were used to prepare 
THC-COOH meconium controls. 1 mL urine control was 
added to 1 g negative meconium and vortexed to mix.      

       1.    16 × 100 screw-cap glass tubes for extraction.   
   2.    13 × 100 screw-cap glass tubes for extract concentration.   
   3.    Transfer pipets (Samco Scientifi c, San Fernando CA).   
   4.    Auto sampler vials (12 × 32 mm with crimp caps) with 0.3 mL 

limited volume inserts (P.J. Cobert Associates, St. Louis, MO).   
   5.    GC column: Zebron ZB-1 with dimensions of 15 m × 

0.25 mm × 0.25 μm (Phenomenex, Torrance, California).   
   6.    Plain wood applicators: These are used to evenly spread the 

meconium around the glass tube (Fisher Scientifi c, Waltham, 
MA, USA).      

2.4  Calibrators 
and Controls

2.5  Analytical 
Supplies

    Table 1  
  Preparation of calibrators and controls   

 Calibrator/control 
concentration (ng/g) 

 μL of working 
tertiary standard 

 μL of working 
secondary standard 

 15  15 

 20 (control)  20 

 50  50 

 100  100 

 500  50 

  The 20 ng/g control is made from a separate standard  

Carboxy-THC in Meconium by GC/MS
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       1.    A gas chromatograph/mass spectrometer system (GC/MS; 
6890/5975 or 5890/5972) with autosampler and operated in 
electron impact mode (Agilent Technologies, Wilmington, DE).   

   2.    TurboVap ® IV Evaporator (Zymark Corporation, Hopkinton, 
MA, USA).       

3    Method 

       1.    Weigh out 1 g of each patient meconium into a 16 × 100 mm 
test tube. Record weight to within two decimal places. Spread 
meconium as evenly as possible onto the sides of the tube for a 
uniform thin coating of sample. Freeze until analysis, at least 
overnight ( see   Note 2 ).   

   2.    For each of the four calibrators, the blank (negative control) 
and the three controls, weigh out 1 g of negative meconium 
into appropriately labeled 16 × 100 mm test tubes. Spread 
meconium evenly onto the sides of the tube. Add working 
THC-COOH for each calibrator and the 20 ng/g in-house 
control ( see  Table  1 ). Add 1 mL of each control, prepared from 
Bio-Rad controls, to appropriately labeled tubes. Cap and vor-
tex to mix. Freeze all meconium specimens until analysis (at 
least overnight) and thaw for 15 min at room temperature 
before analysis.   

   3.    Prepare an unextracted standard by adding 100 μL working 
THC-COOH tertiary standard and 100 μL working THC- 
COOH D9 internal standard to a concentration tube. Set aside 
until  step 18 .   

   4.    Add 4 mL acetonitrile to each tube.   
   5.    Add 100 μL of working THC-COOH D9 IS to each tube. 

Cap and vortex to mix. Sonicate tubes (using a beaker or test 
tube rack) for 5 min. Centrifuge for 5 min at 1200 ×  g .   

   6.    Transfer organic layer to appropriately labeled clean concentra-
tion tubes.   

   7.    Spread meconium around the sides of the original extraction 
tube as much as possible for a uniform thin coating of sample.   

   8.    Add 2 mL of acetonitrile to the original sample tubes for a 
second extraction. Cap and vortex to mix. Sonicate for 5 min. 
Centrifuge for 5 min at 1200 ×  g .   

   9.    Add the 2 mL organic to the concentration tube containing 
the fi rst 4 mL acetonitrile extract.   

   10.    Concentrate the combined organic extract to less than 1 mL 
under nitrogen at 40 °C ( see   Note 3 ).   

   11.    Add 2 mL 0.2 N NaOH to each tube.   

2.6  Equipment

3.1  Stepwise 
Procedure

Judy Peat et al.
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   12.    Add 100 μL 11.8 N KOH to each tube. Vortex. Let sit for a 
minimum of 15 min.   

   13.    Add 5 mL hexane:ethyl acetate (8:2) to each tube. Cap and 
rock for a minimum of 15 min. Centrifuge for 5 min at 
1200 ×  g .   

   14.    Discard upper organic layer. To the bottom aqueous layer add 
2 mL 0.1 M acetic acid.   

   15.    Add 200 μL glacial acetic acid.   
   16.    Add 3 mL hexane:ethyl acetate (8:2). Cap and rock for 15 min. 

Centrifuge for 5 min at 1200 ×  g .   
   17.    Transfer upper organic layer to a clean concentration tube.   
   18.    Concentrate to dryness under nitrogen at 40 °C.   
   19.    Reconstitute with 100 μL BSTFA + TMCS.   
   20.    Cap and incubate for 10 min at 65 °C in heating block.   
   21.    Cool and transfer to appropriately labeled autosampler vials.   
   22.    Inject 1 μL onto GC/MS for analysis (GC-MS operating con-

dition are given in Table  2 ).

              1.    Data are analyzed using Target Software (Thru-Put Systems, 
Orlando, FL) or similar software.   

   2.    Standard curves are generated based on linear regression of the 
analyte/IS peak area ratio ( y ) versus analyte concentration ( x ) 
using the quantifying ion listed in Table  3 .

3.2  Data Analysis

   Table 2  
  GC-MS operating conditions   

 Oven program  120 °C for 0.5 min 
 Then 30 °C/min to 280 °C 
 Hold for 6 min 

 Front inlet  Mode: splitless 
 Injection temperature: 250 °C 
 Column pressure: 5 psi 
 Purge time on at 1 min 

 Mass spectrometer  Mode: Electron impact at 70 eV 
 Detector temperature: 280 °C 

   Table 3  
  Quantifi cation and qualifi er ions for THC-COOH and THC-COOH D9   

 Quantitation ions  Qualifi er ions 

 THC-COOH  473  371,488 

 THC-COOH D9  479  380,497 

Carboxy-THC in Meconium by GC/MS
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       3.    Typical total and SIM chromatogram are shown in Fig.  1 .    
   4.    Analytical run is considered acceptable if the control values are 

within 20 %.   
   5.    Typical coeffi cient of correlation is >0.99.   
   6.    Linearity of the method is from 10 to 500 ng/g.   
   7.    Typical intra- and inter-assay imprecision is <10 %.       
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  Fig. 1    GC-MS chromatogram of TMS derivatives of THC-COOH and THC-COOH-D9 (100 ng/g). The bottom 
panels show selected ion chromatograms of THC-COOH and THC-COOH-D9 TMS derivatives       
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4    Notes 

     1.    Calibrators and controls are prepared independently.   
   2.    Freezing the meconium specimen overnight at −20 °C increases 

extraction recovery.   
   3.    Concentration of organic extract takes ~30 min.           

   References 
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    Chapter 12   

 Quantitation of Carisoprodol and Meprobamate in Urine 
and Plasma Using Liquid Chromatography-Tandem Mass 
Spectrometry (LC-MS/MS)       

     Matthew     H.     Slawson      and     Kamisha     L.     Johnson-Davis       

  Abstract 

   Carisoprodol and meprobamate are centrally acting muscle relaxant/anxiolytic drugs that can exist in a 
parent–metabolite relationship (carisoprodol → meprobamate) or as a separate pharmaceutical preparation 
(meprobamate aka Equanil, others). The monitoring of the use of these drugs has both clinical and foren-
sic applications in pain management applications and in overdose situations. LC-MS/MS is used to analyze 
urine or plasma/serum extracts with deuterated analogs of each analyte as internal standards to ensure 
accurate quantitation and control for any potential matrix effects. Positive ion electrospray is used to intro-
duce the analytes into the mass spectrometer. Selected reaction monitoring of two product ions for each 
analyte allows for the calculation of ion ratios which ensures correct identifi cation of each analyte, while a 
matrix-matched calibration curve is used for quantitation.  

  Key words     Carisoprodol  ,   Meprobamate  ,   Muscle relaxant  ,   Mass spectrometry  

1      Introduction 

  Carisoprodol   is a  centrally   acting  muscle    relaxant   marketed under 
the brand name Soma. It has a pharmacologically active, N‐deal-
kylated metabolite, meprobamate (aka Miltown, Equanil, 
Meprospan) that can be separately prescribed as an anxiolytic 
although this therapeutic use has been supplanted by the benzodi-
azepines. Both drugs are Schedule IV controlled substances with 
abuse potential. These compounds are therapeutically monitored 
for compliance [ 1 ], and to maintain patients in the therapeutic 
range [ 2 ]. They are also analyzed in acute intoxication cases, since 
they can produce CNS depression, and particularly in combination 
with other CNS depressants, may be life-threatening [ 3 – 5 ]. 
Carisoprodol is metabolized to meprobamate, which can then be 
hydroxylated and glucuronidated. Less than 1 % of a dose is 
excreted as carisoprodol in a 24 h urine; 5 % as meprobamate. 
Meprobamate is metabolized to hydroxymeprobamate, an inactive 
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metabolite, and is also glucuronidated. Approximately 5 % is elimi-
nated in the urine unchanged, a comparable amount of hydroxy 
metabolite is excreted, and as much as 65 % of the dose is elimi-
nated in 48 h in the urine as the glucuronide conjugate [ 6 ]. Several 
methods have been published for the analysis of carisoprodol and 
meprobamate in a variety of matrices [ 7 – 11 ]. 

 This assay utilizes HPLC‐MS/MS to measure both carisopro-
dol and meprobamate in urine or plasma/serum and can be used 
as the confi rmation assay for an immunoassay screen. 

 Supported liquid extraction (SLE+, Biotage) is used for sample 
clean‐up. The fi nal preparation is mixed well and injected onto the 
LC‐MS/MS. Qualitative identifi cation is made using unique MS/
MS transitions, ion ratios of those transitions, and chromatographic 
retention time. Quantitation is performed using a daily calibration 
curve of prepared calibration samples and using peak area ratios of 
analyte to internal standard to establish the calibration model. 
Patient sample concentrations are calculated based on the calibra-
tion model’s mathematical equation. Quantitative accuracy is mon-
itored with QC samples independently prepared with known 
concentrations of carisoprodol and meprobamate and  comparing 
the calculated concentration with the expected concentration.  

2    Materials 

       1.    Pre-dose (trough) draw at a steady-state concentration for 
serum/plasma. Separate serum or plasma from cells within 2 h 
of collection.   

   2.    Random collection for urine.   
   3.    Specimens can be stored for at least 20 days (refrigerated or 

frozen) prior to analysis.      

       1.    Verifi ed negative urine pool.   
   2.    Verifi ed negative serum/plasma pool.   
   3.    0.5 M ammonium hydroxide: 140 mL concentrated ammo-

nium hydroxide, QS to 500 mL with deionized water. Verify 
pH at each use and replace solution when needed.   

   4.    0.1 % Formic Acid in deionized water and methanol (90:10): 
To 90 mL of 0.1 % formic acid in deionized water, add 10 mL 
of methanol for a fi nal volume of 100 mL.   

   5.    Mobile Phase A: 0.1 % formic acid in deionized water.   
   6.    Mobile Phase B: 0.1 % formic acid in acetonitrile.      

       1.    Carisoprodol, 1.0 mg/mL stock standard prepared in metha-
nol (Cerilliant, Round Rock, TX).   

   2.    Meprobamate, 1.0 mg/mL stock standard prepared in metha-
nol (Cerilliant, Round Rock, TX).   

2.1  Samples

2.2  Reagents

2.3  Standards 
and Calibrators

Matthew H. Slawson and Kamisha L. Johnson-Davis
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   3.    Intermediate working solution (carisoprodol and meprobam-
ate at 100 ng/μL in methanol): Add ~3 mL of methanol to a 
5 mL volumetric fl ask. Add 0.5 mL of each calibrator reference 
material to the fl ask, QS to 5 mL with methanol, add a stir bar 
and stopper and mix for 30 min at room temperature. Aliquot 
as appropriate for subsequent use. Store frozen, stable for 1 
year. This volume can be scaled up or down as appropriate.   

   4.    Prepare working calibrators using the solutions described 
above to prepare 10 mL of each using volumetric glassware. 
Add approximately 5 mL certifi ed negative urine to a labeled 
volumetric fl ask. Add the appropriate volume/concentration 
as shown in Table  1  of standard material to the fl ask. QS to 10 
mL using certifi ed negative urine. Add a stir bar and stopper 
and mix for 30 min at room temperature. Aliquot as appropri-
ate for future use. Store aliquots frozen, stable for 1 year. This 
volume can be scaled up or down as appropriate ( see   Note 1 ).

              1.    Controls: May be purchased from a third party and prepared 
according to the manufacturer. They can also be prepared in- 
house independently from calibrators’ source material using 
Table  1  as a guideline ( see   Note 1 ).   

   2.    Internal Standard: Carisoprodol-D 7  1.0 mg/mL in methanol 
(Cerilliant, Round Rock, TX). Meprobamate-D 7  1.0 mg/mL 
in methanol (Cerilliant, Round Rock, TX). Add ~80 mL of 
methanol to a 100 mL volumetric fl ask. Add 1 mL of each 
internal standard to the fl ask, QS to 100 mL with methanol. 
Add a stir bar and a stopper. Mix for 30 min at room tempera-
ture. Aliquot as needed for use in this assay (volumes can be 
scaled up or down as appropriate). Store frozen, stable for 1 
year ( see   Note 1 ).      

2.4  Controls 
and Internal Standard

    Table 1  
  Preparation of calibrators. For each concentration, the total volume is 
made to 10 mL with drug-free plasma or human urine   

 Final concentration ng/mL  Solution μL  Stock solution concentration 

 10,000  100  1 mg/mL 

 7500  750  100 ng/μL 

 5000  500  100 ng/μL 

 1000  100  100 ng/μL 

 500  50  100 ng/μL 

 100  10  100 ng/μL 

LC-MS/MS of Carisoprodol and Meprobamate
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       1.    Transfer/aliquoting pipettes and tips.   
   2.    Sample preparation tubes, such as microcentrifuge tubes or 

small culture tubes. These will be used for combining and mix-
ing the specimen aliquot, internal standard and pH buffer 
prior to adding to the SLE+ cartridge.   

   3.    400 μL SLE+ array cartridges (Biotage, Charlotte, NC) and 
array frame ( see   Note 2 ).   

   4.    Instrument compatible autosampler vials with injector appro-
priate caps or 96 deepwell plate and capping mat.   

   5.    Kinetex 1.7 μm XB-C18 100 Å column size 50 × 2.1 mm 
(Phenomenex, Torrance, CA).   

   6.    Security Guard Kit with Security Guard Cartridges C18, 
4 × 2.0 mm ID (Phenomenex, Torrance, CA).      

       1.    Vortex mixer.   
   2.    Positive pressure extraction manifold ( see   Note 3 ).   
   3.    Solvent evaporation manifold.   
   4.    Low dead volume binary HPLC pump, thermostatted column 

compartment with switching valve, vacuum degasser (Agilent, 
Santa Clara, CA), and DLW CTC PAL auto-sampler (Leap 
Technologies, Carrboro, NC).   

   5.    API 4000 LC-MS/MS system with Turbo Ion source running 
current version of Analyst software (ABSciex, Framingham, MA).       

3    Methods 

       1.    Briefl y vortex or invert each sample to mix.   
   2.    Aliquot 50 μL of each patient sample, calibrator and QC into 

appropriately labeled micro-centrifuge tubes (or equivalent).   
   3.    Add 5 μL of working internal standard solution to each vial.   
   4.    Add 200 μL 0.5 M ammonium hydroxide to each vial.   
   5.    Cap (if appropriate) each vial and vortex briefl y.   
   6.    Assemble the SLE+ array using an appropriate number of car-

tridge wells into the array plate frame ( see   Note 3 ).   
   7.    Install the assembled array plate onto the positive pressure man-

ifold with a clean collection plate under the SLE+ array plate.   
   8.    Transfer the contents of each specimen tube (from  steps 2 – 5 ) 

to an SLE+ array well cartridge. Allow the liquid to soak into 
the SLE+ bed for a minimum of 5 min ( see   Note 4 ).   

   9.    After 5 min of equilibration, add 900 μL of methylene chloride 
to each well. Allow the contents to drip through the well under 
gravity ( see   Note 4 ).   

2.5  Supplies

2.6  Equipment

3.1  Stepwise 
Procedure

Matthew H. Slawson and Kamisha L. Johnson-Davis
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   10.    Add a second 900 μL volume of methylene chloride and allow 
to pass through the SLE bed under gravity ( see   Note 5 ).   

   11.    Once the contents have drained through the well, apply a pulse 
of full pressure (10 psi for 30 s) to drive any residual methylene 
chloride into the collection wells.   

   12.    Evaporate the eluent under a gentle stream of nitrogen until 
the wells are dry.   

   13.    Reconstitute the samples in 500 μL of 0.1 % formic acid in 
water and methanol (90:10). Vortex the reconstituted extracts 
to ensure complete dissolution of the dried residue.   

   14.    Analyze on LC-MS/MS.      

       1.    Table  2  summarizes typical LC conditions.
       2.    Table  3  summarizes typical MS conditions.
       3.    Table  4  summarizes typical MRM conditions.

       Each instrument should be individually optimized for best 
method performance.  

3.2  Instrument 
Operating Conditions

   Table 2  
  Typical HPLC conditions   

 Cycle name  Analyst LC-Inj DLW Standard_Rev05 

 Wash solvent 1  CLRW 

 Wash solvent 2  Methanol 

 Injection volume  2 μL 

 Vacuum degassing  On 

 Temperature  30 °C 

 A reservoir  0.1 % HCOOH in CLRW 

 B reservoir  100 % Acetonitrile 

 Gradient table 

 Step  Time (min)  Flow (μL/min)  A (%)  B (%) 

 0  0  200  66  34 

 1  1  200  66  34 

 2  2  200  0  100 

 3  2.25  200  0  100 

 4  2.5  200  66  34 

 5  4  200  66  34 

LC-MS/MS of Carisoprodol and Meprobamate
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       1.    Representative MRM chromatograms of carisoprodol and 
meprobamate in both urine and plasma are shown in Figs.  1  
and  2 , respectively.

        2.    The dynamic range for this assay is 100–10,000 ng/mL for 
each analyte. Samples exceeding this range can be diluted 5× 
or 10× as needed to achieve an accurate calculated concentra-
tion, if needed.   

   3.    Data analysis is performed using the Analyst software to inte-
grate peaks, calculate peak area ratios, and construct calibra-
tion curves using a linear 1/x weighted fi t ignoring the origin 

3.3  Data Analysis

   Table 3  
  Typical mass spectrometer conditions   

 Parameter  Value 

 CUR  20 

 GS1  45 

 GS2  40 

 TEM  700 

 ihe  ON 

 CAD  6 

 IS  5000 

 EP  5 

 Scan type  MRM 

 Scheduled MRM  No 

 Polarity  Positive 

 Scan mode  N/A 

 Ion source  Turbo spray 

 Resolution Q1  Unit 

 Resolution Q3  Unit 

 Intensity Thres.  0.00 cps 

 Settling time  0.0000 ms 

 MR pause  5.0070 ms 

 MCA  No 

 Step size  0.00 Da 

 Dwell (ms)  100 

Matthew H. Slawson and Kamisha L. Johnson-Davis
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as a data point. Sample concentrations are then calculated 
using the derived calibration curves ( see   Note 1 ).   

   4.    Calibration curves should have an  r  2  value ≥0.99.   
   5.    Typical imprecision is <15 % both inter- and intra-assay.   
   6.    An analytical batch is considered acceptable if chromatography 

is acceptable and QC samples calculate to within 20 % of their 
target values and ion ratios are within 20 % of the calibration 
curve ion ratios.       

   Table 4  
  Typical MRM conditions   

 Analyte  Q1 Mass (Da)  Q3 Mass (Da)  Param 

  Meprobamate   (Quant.)  219.1  158.1  DP = 35.0 
 CE = 15.0 
 CXP = 9.0 

 Approx. retention time  1.37 min 

 Meprobamate (qualifi er)  219.1  97.1  DP = 35.0 
 CE = 15.0 
 CXP = 9.0 

 Approx. retention time  1.37 min 

 Meprobamate-D7 (internal standard)  226.1  165.1  DP = 35.0 
 CE = 15.0 
 CXP = 9.0 

 Approx. retention time  1.35 min 

  Carisoprodol   (Quant.)  261.1  176.1  DP = 35.0 
 CE = 18.0 
 CXP = 9.0 

 Approx. retention time  2.87 min 

 Carisoprodol (qualifi er)  261.1  97.1  DP = 35.0 
 CE = 18.0 
 CXP = 9.0 

 Approx. retention time  2.87 min 

 Carisoprodol-D7 (internal standard)  268.1  183.1  DP = 35.0 
 CE = 18.0 
 CXP = 9.0 

 Approx. retention time  2.85 min 

LC-MS/MS of Carisoprodol and Meprobamate
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4    Notes 

     1.    Validate/verify all calibrators, QCs, internal standard, and neg-
ative matrix pools before placing into use.   

   2.    Biotage SLE+ array wells are described in this method. Other 
equivalent products (96-well plates, columns) may be adapted 
as needed for use in this analysis.   

   3.    This method describes a positive pressure extraction confi gura-
tion. Vacuum manifolds may be adapted and confi gured for 
this method if needed.   

   4.    A small pulse of positive pressure (2 s at 3 psi) can be applied 
to get the liquid to penetrate into the SLE bed, if necessary.   

   5.    Allow all of the fi rst methylene chloride aliquot to pass through 
the bed prior to adding the second aliquot.         

  Fig. 1    Typical MRM chromatogram for  carisoprodol   (2.87 min) and  meprobamate   (1.37 min) in urine. 250 ng/
mL extracted from fortifi ed human urine and analyzed according to the described method       
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    Chapter 13   

 Cetirizine Quantifi cation by High-Performance Liquid 
Chromatography Tandem Mass Spectrometry (LC-MS/MS)       

     Ada     Munar    ,     Clint     Frazee    ,     Bridgette     Jones    , and     Uttam     Garg       

  Abstract 

   A multiple reaction monitoring (MRM), positive ion electrospray ionization, LC/MS/MS method is 
described for the quantifi cation of cetirizine. The compound was isolated from human plasma by protein 
precipitation using acetonitrile. Cetirizine d4 was used as an internal standard. Chromatographic condi-
tions were achieved using a C18 column and a combination of ammonium acetate, water, and methanol 
as the mobile phase. MRMs were: cetirizine, 389.26 → 165.16, 201.09; cetirizine d4, 393.09 → 165.15, 
201.10. Calibration curves were constructed by plotting the peak area ratios of the calibrators’ target 
MRM transition area to labeled internal standard target MRM transition area versus concentration.  

  Key words     Cetirizine  ,   Antihistamine  ,   H 1 -receptor  ,   Allergic rhinitis and chronic urticaria  

1      Introduction 

  Levo cetirizine   (RS)-2-[2-[4-[(2-Chlorophenyl)phenylmethyl]
piperazin-1-yl]ethoxy]acetic Acid Dihydrochloride is a second- 
generation  antihistamine      and  R -enantiomer of the cetirizine an 
active metabolite of hydroxyzine (a fi rst-generation  H 1 -receptor   
inverse agonist) [ 1 – 4 ]. Cetirizine is a highly selective H 1 -receptor 
inverse agonist and a potent non-sedating antihistamine [ 1 – 3 ]. As 
compared to other commonly used  antihistamines  , cetirizine has 
less affi nity for calcium channel, adrenergic α 1 , dopamine D 2 , sero-
tonin 5-HT 2  receptors, and muscarinic receptors. Cetirizine is 
minimally metabolized with an elimination half-life of approxi-
mately 8 h. The drug is 91 % protein bound, and also has a small 
volume of distribution (Vd) of 0.4 L/kg [ 5 ,  6 ]. Due to these phar-
macologic properties, cetirizine is commonly prescribed to patients 
with allergic disease (e.g.  allergic rhinitis   and  chronic urticaria  ) and 
is approved for use in children (2 years of age and older) and adults. 

 Various methods for cetirizine measurement including  gas 
chromatography  , high-performance liquid chromatography 
(HPLC) with UV or  mass spectrometry   detection have been 
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described in the literature [ 7 – 13 ]. We developed a simple, rapid, 
and highly sensitive method utilizing HPLC-tandem  mass spec-
trometry   for the measurement of cetirizine.  

2    Materials 

   Heparinized plasma.  

       1.    7.5 M Ammonium acetate. Purchased as solution (Sigma- 
Aldrich, St Louis, MO).   

   2.    Precipitating reagent containing internal standard: Add 200 μL 
of 50 μg/mL of secondary internal standard to a 100 mL volu-
metric fl ask and bring to volume with acetonitrile. Stable for 1 
year at −20 °C.   

   3.    Mobile phase A (20 mM ammonium acetate in water): To 1 L 
water, add 2.7 mL of 7.5 mM ammonium acetate and 570 μL 
of formic acid. Mix and degas. Store at ambient temperature. 
Stable for 1 month.   

   4.    Mobile phase B (20 mM ammonium acetate in methanol): To 
1 L methanol, add 2.7 mL of 7.5 mM ammonium acetate and 
570 μL of formic acid. Mix and degas. Store at ambient tem-
perature. Stable for 1 month.   

   5.    Fresh frozen plasma: Obtain outdated fresh frozen plasma 
from blood bank or commercial source. Centrifuge at 2000 ×  g  
for 10 min to remove particulates.      

       1.    Stock standard of Cetirizine (Sigma-Aldrich, St Louis, MO): 
Quantitatively prepare a 1 mg/mL stock standard of cetirizine, 
using cetirizine dihydrochloride, in methanol. Stable for 1 year 
when stored at −20 °C.   

   2.    100 μg/mL primary standard: Prepared by transferring 1 mL 
of stock standard to a 10 mL volumetric fl ask and diluting with 
methanol. Stable for 1 year when stored at −20 °C.   

   3.    10 μg/mL secondary standard: Prepared by transferring 1 mL 
of primary standard to a 10 mL volumetric fl ask and diluting 
with methanol. Stable for 1 year when stored at −20 °C.   

   4.    1 μg/mL tertiary standard: Prepare by transferring 1 mL of 
secondary standard to a 10 mL volumetric fl ask and diluting 
with methanol. Stable for 1 year when stored at −20 °C.   

   5.    1 mg/mL primary internal standard (Cetirizine- d   4  , C/D/N/
Isotopes): Quantitatively prepare a 1 mg/mL primary stan-
dard of Cetirizine- d   4  I  in methanol. Stable for 1 year when 
stored at −20 °C.   

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Internal 
Standards 
and Standards

Ada Munar et al.
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   6.    50 μg/mL secondary internal standard: Prepare by transferring 
500 μL of primary standard to a 10 mL volumetric fl ask and 
diluting with methanol. Stable for 1 year when stored at −20 °C.      

       1.    Calibrators: Prepare calibrators 1–5 according to Table  1 .
       2.    Quality Controls: Prepare control 1–3 according to Table  2 .

       For calibrators and controls add appropriate amount of stan-
dards to a 10 mL volumetric fl ask and qs to 10 mL with plasma 
( see   Note 1 ).  

       1.    AB Sciex LC-MS/MS 4000Q TRAP (Foster City, CA).   
   2.    Shimadzu Prominence HPLC system with autosampler, two 

pumps and degasser (Lenexa, KS).   
   3.    Autosampler vials with caps.   
   4.    Analytical column: Supelcosil LC-18, 5 cm × 4.6 mm × 3 μm 

(Sigma-Aldrich, St Louis, MO).   
   5.    Guard column: Pinnacle, C18, 10 mm × 4 mm × 5 μm (Restek, 

Belfonte, PA).       

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies

   Table 1  
  Preparation of calibrators using drug-free plasma   

 Calibrator 
 Primary 
standard (μL) 

 Secondary 
standard (μL) 

 Tertiary 
standard (μL) 

 Final concentration 
(ng/mL) 

 Blank 

 1  10    1 

 2   10   10 

 3   50   50 

 4  100  100 

 5  50  500 

  The fi nal volume of each calibrator is 10 mL  

   Table 2  
  Preparation of quality controls using drug-free plasma   

 QC 
 Primary 
standard (μL) 

 Secondary 
standard (μL) 

 Tertiary 
standard (μL) 

 Final concentration 
(ng/mL) 

 1  30    3 

 2  25  250 

 3  40  400 

  The fi nal volume of each control is 10 mL  

Cetirizine Quantifi cation by High-Performance Liquid Chromatography Tandem Mass…
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3    Methods 

       1.    Pipette 100 μL of well mixed calibrators, patient plasma and 
controls to the appropriately labeled microcentrifuge tubes.   

   2.    Add 200 μL of precipitating reagent containing internal stan-
dards to each tube.   

   3.    Immediately cap the samples and vortex for ~20 s.   
   4.    Rock the tubes for 10 min.   
   5.    Centrifuge the tubes at 10,000 ×  g  for 5 min.   
   6.    Using disposable tips transfer 200 μL of supernatant into 

autosampler ( see   Note 2 ).   
   7.    Inject 10 μL into  liquid chromatography-tandem mass spec-

trometry (LC-MSMS)   for analysis.      

   Instrument’s operating conditions are given in Table  3 .

          1.    Data are collected and analyzed using Analyst 1.5.1 software 
(AB Sciex, Foster City, CA).   

   2.    Calibration curves are constructed from peak area ratios of 
MRM of calibrators and internal standards versus 
concentration.   

3.1  Stepwise 
Procedure

3.2  Instrument’s 
Operating Conditions

3.3  Data Analysis

   Table 3  
  Instrument’s operating conditions   

  A. HPLC  

 Time (min)  Mobile phase A (%)  Mobile phase B (%) 

 0.5  50   50 

 1.5   0  100 

 3   0  100 

 3.1  50   50 

  B. MS/MS parameters  

 Source ( electrospray   ionization,  positive mode  ) 

 Curtain gas  25 psi 

 Source temperature  375 °C 

 Collision gas (CAD)  High 

 Ion source gas 1 (GS1)  50 psi 

 Ion source gas 1 (GS2)  60 psi 

  Column temperature—65 °C, Flow rate—1.0 mL/min  

Ada Munar et al.
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   3.    A typical calibration curve has a correlation ( r  2 ) >0.99.   
   4.    Multiple reaction monitoring transitions for each analyte are 

given in Table  4 .
       5.    A typical HPLC/MS/MS chromatogram of cetirizine is shown 

in Fig.  1 .
       6.    Quality control samples are evaluated with each run. The run 

is considered acceptable if calculated concentrations of con-
trols are within the ±20 % of target values.   

   7.    Samples with results greater than upper limit of linearity should 
be diluted with blank.       

   Table 4  
  Multiple reaction monitoring transitions   

 Analyte  Q1 mass (amu)  Q3 mass (amu)  Qualifi er ion 

  Cetirizine    389.26  165.16  201.09 

 Cetirizine-d4  393.09  165.15  201.10 

4.6e5

4.4e5

4.2e5

4.0e5

3.8e5

3.6e5

3.4e5

3.2e5

3.0e5

2.8e5

2.6e5

2.4e5

2.2e5

2.0e5

1.8e5

1.6e5

1.4e5

1.2e5

1.0e5

8.0e4

6.0e4

4.0e4

2.0e4

0.0
1.1 1.2 1.3 1.4

1.40 1.53 1.63 1.72 1.93 1.99 2.05 2.07 2.62 2.94

1.5 1.6 1.7 1.8 1.9 2.0 2.1

Time, min

Cetirizine D4

Cetirizine

In
te

n
si

ty
, c

p
s

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

  Fig. 1    A representative HPLC/MS/MS chromatogram of cetirizine and cetirizine-d4       
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4    Notes 

     1.    When possible, calibrators and controls should be prepared 
from different lot of stock solution on separate days.   

   2.    Be sure not to disturb the pellet.          
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    Chapter 14   

 Quantifi cation of Docetaxel in Serum Using Turbulent 
Flow Liquid Chromatography Electrospray Tandem 
Mass Spectrometry (TFC-HPLC-ESI-MS/MS)       

     Christopher     A.     Crutchfi eld    ,     Mark     A.     Marzinke    , and     William     A.     Clarke       

  Abstract 

   Docetaxel is a second-generation taxane and is used clinically as an anti-neoplastic agent in cancer chemo-
therapy via an anti-mitotic mechanism. Its effi cacy is limited to a narrow therapeutic window. Inappropriately 
high concentrations may cause erythema, fl uid retention, nausea, diarrhea, and neutropenia. As a result, 
dosing recommendations have changed from high dosage loading every 3 weeks to lower dosage loading 
weekly. We describe a method that can be used for therapeutic drug monitoring of docetaxel levels using 
turbulent fl ow liquid chromatography electrospray tandem mass spectrometry (TFC-HPLC-ESI-MS/
MS). The method is rapid, requiring only 6.3 min per analytical run following a simple protein crash. The 
method requires only 100 μL of serum. Concentrations of docetaxel were quantifi ed by a calibration curve 
relating the peak-area ratio of docetaxel to a deuterated internal standard (docetaxel-D9). The method was 
linear from 7.8 to 1000 ng/mL, with imprecision ≤6.2 %.  

  Key words     Docetaxel  ,   Anti-neoplastic  ,   Turbulent fl ow liquid chromatography electrospray tandem 
mass spectrometry  

1      Introduction 

     Docetaxel is   a  chemotherapeutic   used  to   treat solid tumors, includ-
ing breast, non-small-cell lung, and prostate cancer [ 1 – 3 ]. 
However, its use can cause side effects including erythema, nausea, 
diarrhea, fl uid retention, and neutropenia [ 1 ]. Initially docetaxel 
had a standard dosage of 75–100 mg/m 2  over 1 h every 3 weeks 
[ 1 ], however later studies suggested a lower dose of 20–40 mg/m 2  
every 1 week [ 4 ]. Docetaxel is highly protein bound [ 5 ] and its 
pharmacological effect is tied to its free form. With frequent dos-
ing and high protein affi nity, clinical teams may fi nd utility in mon-
itoring the pharmacokinetics of docetaxel in their patient 
population. This method [ 6 ] enables rapid analysis of docetaxel 
using turbofl ow on-line extraction prior to analytical separation 
and analysis using  tandem   mass spectrometry.  
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2    Materials 

   Human serum.  

       1.    Mobile Phase A, 0.1 % (v/v) formic acid in HPLC-grade water, 
stable for 1 month at room temperature, 18–24 °C.   

   2.    Mobile Phase B, 0.1 % (v/v) formic acid in HPLC-grade 
methanol, stable for 1 month at room temperature, 18–24 °C.   

   3.    Mobile Phase C, 40:40:20 acetonitrile:isopropanol:acetone.   
   4.    Human drug-free normal serum.      

       1.    Primary standard of docetaxel was prepared by dissolving 
docetaxel powder (Toronto Research Chemicals) in methanol 
at a fi nal concentration of 5 mg/mL.   

   2.    Primary internal standard was prepared by dissolving docetaxel-
 d9 powder (Toronto Research Chemicals) in methanol at a 
fi nal concentration of 1 mg/mL.   

   3.    Primary working solutions are prepared by diluting the pri-
mary standard solution to concentrations of 100, 10, and 
1 μg/mL.   

   4.    I.S. Working Solution/Extraction Solution (500 ng/mL 
docetaxel-d9) was prepared by adding 500 μL of the 1 mg/
mL primary internal standard to a Class A 1000 mL volumetric 
fl ask, fi lling to the level, and mixing.      

       1.    Calibrators: Prepare calibrators 1–9 by diluting working stock 
solutions with drug-free normal human serum in 10 mL class 
A volumetric fl asks (Table  1 ).

       2.    Controls: Using independently prepared working stock solu-
tions, prepare low, medium, and high QC levels at 50, 250, 
and 1000 ng/mL.      

       1.    Aria TLX1 system equipped with a CTC HTC PAL Autosampler 
and two Agilent 1250 Pumps coupled to a Thermo TSQ 
Vantage triple quadrupole mass spectrometer (Thermo Fisher 
Scientifi c).   

   2.    Pre-Analytical column: Thermo Cyclone-P 0.5 × 50 mm 
(Thermo Fisher Scientifi c).   

   3.    Analytical column: Thermo Scientifi c Hypersil Gold C-18 
2.1 × 50 mm, particle size 3 μm.   

   4.    1.8 mL glass HPLC vials.   
   5.    1.5 polypropylene microcentrifuge tubes.       

2.1  Sample

2.2  Solvents 
and Reagents

2.3  Standards 
and Internal Standard

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies

Christopher A. Crutchfi eld et al.
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3    Methods 

       1.    To a labeled 1.5 mL polypropylene centrifuge tube, pipette 
100 μL of serum (calibrator, control, or unknown sample) 
( see   Note 1 ).   

   2.    Add 300 μL of extraction solution.   
   3.    Cap and vortex for 20 s.   
   4.    Centrifuge for 5 min at 18,000 ×  g .   
   5.    Dilute 300 μL supernatant 1:1 with HPLC-grade water in a 

labeled 1.8 mL glass vial.   
   6.    Cap and vortex briefl y.   
   7.    Please vials into autosampler.   
   8.    Inject 25 μL and analyze.      

       1.    Instrumental operating parameters are given in Table  2 .
       2.    Data are analyzed using LCQuan (Thermo Scientifi c).   
   3.    Standard curves are generated based on linear regression with 

1/x 2  weighting of the analyte/internal standard peak-area 
ratio relative to the nominal analyte concentration.   

   4.    Imprecision is typically ≤6.2 % at all QC levels.       

3.1  Stepwise 
Procedure

3.2  Sample Analysis

   Table 1  
  Preparation of calibrators   

 Calibrator 
 Working stock 
concentration (μg/mL) 

 Working stock 
volume (μL)  Final volume (mL) 

 Final concentration 
(ng/mL) 

 1  1  78  10  7.8 

 2  1  156  10  15.6 

 3  1  313  10  31.3 

 4  1  625  10  62.5 

 5  10  125  10  125 

 6  10  250  10  250 

 7  10  500  10  500 

 8  100  100  10  1000 

 9  100  200  10  2000 

Quantifi cation of Docetaxel in Serum Using Turbulent Flow Liquid Chromatography…
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4    Notes 

     1.    Matrix effects were evaluated using post-column infusion as 
well as comparison of spiked sera and spiked solvent. Matrix 
effects were <14 %.            

   References 

   Table 2  
  HPLC-MS/MS operation conditions   

 A. HPLC 

 Time 
(min) 

 Length 
(s) 

 TX fl ow 
rate 
(mL/
min) 

 TX 
mobile 
phase 
A (%) 

 TX 
mobile 
phase 
B (%) 

 TX 
mobile 
phase 
C (%) 

 Tee  Loop  LX fl ow 
rate 
(mL/ 
min) 

 LX 
mobile 
phase 
A (%) 

 LX 
mobile 
phase 
B (%) 

 0   30  1.50  100  0  0  Out  0.25  100  0 

 0.5   45  0.20   25  75  0  Tee  In  0.50  100  0 

 1.25  200  1.50    0  0  100  In  0.25  10  90 

 4.58   45  1.50   25  0  100  In  0.25  0  100 

 5.33   60  1.50  100  0  0  Out  0.25  100  0 

 B. MS/MS tune settings 

 Parameter  Value 

 Spray voltage (V)  3500 

 Sheath gas  35 

 Aux gas  35 

 Capillary temperature (°C)  200 

 C. Precursor and product ions 

 Compound  Precursor  Product  CE (eV) 

  Docetaxel    808.4  225.9  10 

 Docetaxel-D9  817.4  226.9  10 
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    Chapter 15   

 Comprehensive Urine Drug Screen by Gas 
Chromatography/Mass Spectrometry (GC/MS)       

     Bheemraj     Ramoo    ,     Melissa     Funke    ,     Clint     Frazee    , and     Uttam     Garg       

  Abstract 

   Drug screening is an essential component of clinical toxicology laboratory service. Some laboratories use 
only automated chemistry analyzers for limited screening of drugs of abuse and few other drugs. Other 
laboratories use a combination of various techniques such as immunoassays, colorimetric tests, and mass 
spectrometry to provide more detailed comprehensive drug screening. Mass spectrometry, gas or liquid, 
can screen for hundreds of drugs and is often considered the gold standard for comprehensive drug screen-
ing. We describe an effi cient and rapid gas chromatography/mass spectrometry (GC/MS) method for 
comprehensive drug screening in urine which utilizes a liquid–liquid extraction, sample concentration, and 
analysis by GC/MS.  

  Key words     Toxicology  ,   GC/MS  ,   Drug analysis  ,   Comprehensive drug screening  ,   Drug screening  

1      Introduction 

   Comprehensive   drug  screening   is a necessity for full-service clinical 
 toxicology   laboratories and may utilize a combination of various 
techniques such as colorimetric spot tests, immunoassays, gas chro-
matography, and  mass spectrometry   [ 1 – 4 ]. Colorimetric spot tests 
are neither sensitive nor specifi c. Immunoassays are the most com-
monly used method for  drug screening   in most clinical laboratories 
as they are simple and available on most automated chemistry ana-
lyzers. However, immunoassays need special antibody reagents, 
and are not very specifi c. Gas chromatography linked to fl ame ion-
ization detector is used for volatile (ethanol, methanol, isopropa-
nol, and acetone) analysis.  Mass spectrometry   is used  for   broad 
spectrum drug screening [ 2 ,  4 ,  5 ]. It is one of the most sensitive 
and specifi c methods available for drug detection. The other major 
advantage of  mass spectrometry   is that it does not require special 
reagents. This is important in light of the ever-growing availability 
of clandestine synthetic drugs. 
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 Gas or  liquid chromatography  -mass spectrometry can be used 
to screen 100–1000 s of drugs [ 2 ,  5 – 8 ].  Gas chromatography- 
mass spectrometry   has been the reference method for many years, 
and still is the most widely used method for  drug screening  . 
Advantages of GC/MS are low cost and the universal availability of 
several commercial drug identifi cation libraries [ 9 ]. Primary disad-
vantage of GC/MS is that detection is limited to drug volatility. 
Due to this disadvantage, many laboratories now use  liquid 
chromatography- tandem mass spectrometry (LC/MS/MS)   for 
 drug screening   [ 7 ,  8 ,  10 ,  11 ]. The major disadvantages of  LC/
MS/MS  , however, are higher costs and lack of universal commer-
cial drug libraries. In our laboratory, we use GC/MS method 
described here for  comprehensive drug screening  . Drugs from 
urine are extracted using a liquid/liquid extraction technique. The 
extract is concentrated, reconstituted, and analyzed by GC/MS 
using full-scan electron impact ionization mode. The method is 
validated for detecting greater than 150 drugs within a multitude 
of drug classes. Drug spectra are indentifi ed through electronic 
library searches using commercial libraries. In addition, drug iden-
tifi cation is verifi ed by relative retention time (RRT) through com-
parison of the sample drug’s RRTs to pre-established in-house 
RRTs of corresponding drug reference standards. Though this 
GC/MS methodology provides very specifi c drug identifi cation 
criteria, all drugs are reported with a comment advising confi rma-
tion of drug screen results if clinically indicated.  

2    Materials 

   2–3 mL urine ( see   Note 1 ).  

       1.    Promazine, ACS grade.   
   2.    Methylene Chloride, High-Resolution GC grade.   
   3.    Buffer Salts Mixture:

   (a)    Using a 1 L graduated cylinder, measure 600 mL volume 
of sodium chloride.   

  (b)    Add 100 mL volume of sodium carbonate.   
  (c)    Add 100 mL volume of sodium bicarbonate.   
  (d)    Pour this mixture into a large amber jar and mix well by 

inverting the jar several times.   
  (e)    Add an additional 600 mL volume of sodium chloride to 

the amber jar and mix well by inverting the jar several 
times.   

  (f)    Stable at room temperature for 2 years.       

2.1  Samples

2.2  Solvents 
and Reagents

Bheemraj Ramoo et al.
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   4.    Extraction Solvent:
   (a)    Add 450 mL of methylene chloride to a 1 L amber oxford 

dispenser.   
  (b)    Add 450 mL of cyclohexanes.   
  (c)    Add 100 mL of isopropanol.   
  (d)    Add 400 μL of 1.7 mg/mL promazine. Mix well.   
  (e)    Stable at room temperature for 1 year.       

   5.    Extraction Tubes:
   (a)    Add approximately 1 g of buffer salts mixture to each 

16 × 100 screw top extraction tube.   
  (b)    Add 3 mL extraction solvent.   
  (c)    Cap with Tefl on lined caps only and store at room tem-

perature until use.   
  (d)    Stable at room temperature for 1 year.          

       1.    Internal Standard, promazine, 1.7 mg/mL: Add 19.18 mg 
promazine- HCl stock powder to a 10 mL volumetric fl ask and 
qs to volume with methanol. Stable 1 year at room 
temperature.   

   2.    Negative Control: Certifi ed negative urine (Utak Laboratories) 
( see  Fig.  1 ).

       3.    Positive Control:
   (a)     See  Table  1 . Add the indicated volumes of certifi ed 

Cerilliant drug standards as shown in Table  1  to a 100 mL 
volumetric fl ask and qs to 100 mL with negative urine 
(Utak Laboratories).

      (b)    Evaluate in-house positive urine control at least daily by 
GC-MS for the presence of all expected drugs ( see  Fig.  2 ).

2.3  Internal 
Standard and Controls
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  Fig. 1    Chromatogram of negative control       
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                  1.    Zymark Turbovap nitrogen evaporator.   
   2.    Agilent GC-MS 5975C inert XL MSD with Triple Axis 

Detector (Agilent Technologies, CA). Perform autotune daily.   
   3.    Analytical column: ZB-1MS 15 m × 250 μm × 0.25 μm 

(Phenomenex, Torrance, CA).   
   4.    Carrier Gas: Helium, Ultrahigh Purity Grade.   
   5.    16 × 100 mm screw-cap test tubes with Tefl on caps.   
   6.    Autosampler vials with glass inserts and crimp caps (P.J. Cobert 

Associates, Inc., St. Louis, MO).       

2.4  Analytical 
Equipment 
and Supplies

    Table 1  
  Preparation of positive urine control   

 Drug/drug concentration  Volume (μL)  Final concentration (μg/mL) 

 Amphetamine 1 mg/mL  300  3 

 Ecgonine methyl ester 
1 mg/mL 

 100  1 

 Imipramine 1 mg/mL  300  3 

 Meperidine 1 mg/mL  200  2 

 Methadone 1 mg/mL  100  1 

 Morphine 1 mg/mL  300  3 

 Oxycodone 1 mg/mL  150  1.5 

 Phenobarbital 1 mg/mL  500  5 

 Propoxyphene 1 mg/mL  400  4 

 Secobarbital 1 mg/mL  100  1 

  Fig. 2    Chromatogram of positive control       
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3    Methods 

       1.    Aliquot 1 mL urine to already prepared extraction tube.   
   2.    Rock or rotate tube for a minimum of 5 min.   
   3.    Centrifuge at 2000 ×  g  for 5 min.   
   4.    Transfer top organic layer to concentration tube and evaporate 

to dryness in Turbovap nitrogen evaporator at 40 °C using a 
gentle stream of nitrogen. Be careful not to over-dry (Two 
drops of acidifi ed methanol, 5 %, may be added to extract prior 
to evaporation,  see   Note 2 ).   

   5.    Reconstitute the dried extract with 125 μL Hexanes:Ethanol 
(1:1) and transfer to a labeled autosampler vial containing a 
fl anged insert.   

   6.    Analyze by GC-MS using the instrument conditions indicated 
in Table  2 .

           See  Table  2 .  

       1.    Each chromatographic peak total ion chromatogram (TIC) 
should be carefully evaluated using electronic commercial and 
in-house libraries (e.g. AAFS, SOFT, TIAFT, Wiley6N, PMW_
TOXR, etc.). If necessary, background subtraction is applied 

3.1  Stepwise 
Procedure

3.2  Instrument’s 
Operating Conditions

3.3  Data Analysis

    Table 2  
  GC-MS operating conditions   

 Initial oven temp.  90 °C 

 Initial time  1.0 min 

 Ramp 1  32 °C/min 

 Temp. 2  170 °C 

 Hold time  2.0 min 

 Ramp 2  20 °C/min 

 Final temp.  270 °C 

 Hold time  9.5 min 

 Injector temp.  250 °C 

 Purge time on  1 min 

 Column pressure  5 psi 

 Detector temp.  280 °C 

 Detector mode  Electron impact at 70 eV 

 Tune  Autotune 

Drug Screening by GC/MS



130

when interfering  m / z  ratios are indicated. Always proceed 
 cautiously when identifying very small peaks relative to the 
baseline and whenever case history and other fi ndings are 
inconsistent.   

   2.    GC/MS drug identifi cations are evaluated for relative reten-
tion time (RRT) acceptability. RRT is calculated by dividing 
the drug retention time by the internal standard retention 
time. We recommend an RRT agreement within ±0.01 of pre-
established reference standards and a high-quality reference 
spectral match. Because RRT values can shift, reference RRT 
data should be re-established as necessary.   

   3.    All positive results should be considered presumptive in the 
absence of confi rmation by a second methodology using an 
independent chemical principle.   

   4.     See   Notes 3 – 6  during data interpretation.       

4    Notes 

     1.    Cloudy or turbid urine should be centrifuged prior to analysis.   
   2.    Acidifi ed methanol is used to prevent any highly volatile drugs 

such as amphetamines, from evaporating during the drying 
process.   

   3.    During GC-MS analysis, a sample containing a high level of 
diphenhydramine may result in multiple modafi nil-like peaks 
(e.g. modafi nil, modafi nil artifact, modafi nil breakdown) when 
evaluated by certain commercial libraries. This may be a result 
of diphenhydramine pyrolysis during GC-MS analysis.   

   4.    Oxcarbazepine may produce false-positive carbamazepine 
results using this methodology.   

   5.    Methocarbamol may produce false-positive guaifenesin results 
using this methodology due to thermal degradation in the 
injection port.   

   6.    Dextromethorphan and levomethorphan are indistinguishable 
using this methodology.          
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    Chapter 16   

 Broad-Spectrum Drug Screening Using Liquid 
Chromatography-Hybrid Triple-Quadrupole Linear 
Ion Trap Mass Spectrometry       

     Judy     Stone       

  Abstract 

   Urine is processed with a simple C18 solid-phase extraction (SPE) and reconstituted in mobile phase. The 
liquid chromatography system (LC) injects 10 μL of extracted sample onto a reverse-phase LC column for 
gradient analysis with ammonium formate/acetonitrile mobile phases. Drugs in the column eluent become 
charged in the ion source using positive electrospray ionization (ESI). Pseudomolecular ions (M + H) are 
analyzed by a hybrid triple-quadrupole linear ion trap (QqQ and QqLIT) mass spectrometer using an SRM-
IDA-EPI acquisition. An initial 125 compound selected ion monitoring (SRM) survey scan (triple quadru-
pole or QqQ mode) is processed by the information-dependent acquisition (IDA) algorithm. The IDA 
algorithm selects SRM signals from the survey scan with a peak height above the threshold (the three most 
abundant SRM signals above 1000 cps) to defi ne precursor ions for subsequent dependent scanning. In the 
dependent QqLIT scan(s), selected precursor ion(s) are passed through the fi rst quadrupole (Q1), frag-
mented with three different collision energies in the collision cell (Q2 or q), and product ions are collected 
in the third quadrupole (Q3), now operating as a linear ion trap (LIT). The ions are scanned out of the LIT 
in a mass dependent manner to produce a full-scan product ion spectrum ( m / z  50–700) defi ned as an 
Enhanced (meaning acquired in LIT mode) Product Ion (EPI) spectrum (Mueller et al., Rapid Commun 
Mass Spectrom 19:1332–1338, 2005). Each EPI spectrum is linked to its precursor ion and to the associ-
ated SRM peak from the survey scan. EPI spectra are automatically searched against a 125 drug library of 
reference EPI spectra for identifi cation. When the duty cycle is complete (one survey scan of 125 SRMs plus 
0–3 dependent IDA-EPI scans) the mass spectrometer begins another survey scan of the 125 SRMs.  

  Key words     Broad-spectrum drug screening  ,   Urine solid-phase extraction  ,   Positive-mode electro-
spray  ,   Hybrid triple-quadrupole linear ion trap  ,   Liquid chromatography-tandem mass spectrometry 
(LC-MSMS)  

1      Introduction 

    The  toxicologic   process of testing  body   fl uids for  the   widest pos-
sible range of drugs and poisons has been described as 
 Comprehensive Drug Screening (CDS)  , General Unknown 
Screening (GUS), and Systematic Toxicological Analysis (STA) 
[ 1 ]. The unrealized expectation of GUS is that the methods used 
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have the capability to detect all possible chemicals of interest [ 1 ]. 
Different chromatographic-mass spectrometry techniques fulfi ll 
this goal to a greater or lesser degree based on sample preparation, 
chromatographic, ionization, acquisition mode, and mass analyzer 
characteristics [ 2 – 4 ]. Historically the use of two orthogonal meth-
ods—for example  gas chromatography-mass spectrometry (GC- 
MS)   and liquid chromatography with an ultraviolet detector 
(LC-UV) has identifi ed the broadest possible menu of drugs [ 3 , 
 4 ].  GCMS   has higher resolution, greater specifi city, and lower 
detection limits than does LC-UV but requires hydrolysis and 
derivatization steps in order to detect polar and/or heat-labile 
compounds, such as glucuronide/sulfate metabolites [ 3 ,  4 ]. 

 The advent of ultrahigh-performance liquid chromatography/
atmospheric pressure ionization (API) coupled to tandem  mass 
spectrometry   appeared to offer the potential for optimal GUS 
using a single method [ 1 ,  2 ]. The very broad range of compounds 
that can be ionized with electrospray ionization sources (ESI) 
means that more compounds of interest can be detected with a 
single technique. However, ionization of endogenous compounds 
and environmental contaminants is also enhanced. Even with selec-
tive sample preparation, a highly complex mélange of ions occurs 
when biological samples such as urine or serum undergo ESI [ 1 , 
 2 ]. It has proved challenging to tease out all ions that represent 
compounds of interest from the high background noise [ 5 ]. 
Although sample preparation techniques such as SPE or liquid- 
liquid extraction can successfully reduce the interference from 
matrix compounds, potential drugs or toxins of interest may also 
be lost during sample preparation. The enhanced sensitivity and 
selectivity of tandem (dual stage) mass analysis using a “multi- 
targeted” data-dependent or information-dependent acquisition 
strategy (DDA or IDA) as described in this method is one approach 
for dealing with these issues [ 6 ]. A multi-targeted DDA method 
looks for only those compounds defi ned in the acquisition—e.g., 
the 125 SRM transitions referred to in the Summary—and ignores 
all other ions—e.g., matrix and environmental background noise 
[ 6 ]. One disadvantage of a multi-targeted approach is obvious—
any drug not included in the target list will not be detected. A true 
unknown screening approach is non-targeted, using a data- 
independent acquisition (DIA) to look for any compound that has 
been extracted, introduced by chromatography, and ionized [ 1 ]. 

 The degrees to which broad-spectrum drug detection is 
improved more by the choice of sample preparation method versus 
the use of dual-stage or single-stage mass analysis versus the use of 
data-dependent acquisition (DDA) or data-independent acquisi-
tion (DIA) are diffi cult to determine, although one study compar-
ing LC-UV, GCMS,  LC-MS  , and two  LC-MSMS   methods 
suggests that dual-stage mass analysis may be the instrument archi-
tecture of choice [ 5 ]. Recent refi nements in tandem high- resolution 
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mass analysis using a novel DIA strategy (Sequential Windowed 
Acquisition of All Theoretical Fragment Ion Mass Spectra or 
SWATH) appear promising, potentially combining the greater 
selectivity of DDA with the more comprehensive detection options 
of IDA [ 7 ,  8 ]. 

 Decisions about  drug screening   techniques should take into 
account the clinical reason for performing drug testing. When a 
greater degree of confi dence is required that a selected list of drugs 
will be correctly determined as present or not present, e.g., when 
monitoring for compliance, a multi-targeted, DDA strategy may 
be more reliable. When a search for any and all toxins as a cause of 
an unexplained pathology is appropriate—a non-targeted, DIA 
approach, although more time consuming for data analysis, may 
identify additional compounds not found by a more selective 
method.  

2    Materials 

       1.    Ammonium formate buffer 1 mol/L, LC-MS grade (for 
Mobile Phase A).   

   2.    Human drug-free urine.   
   3.    1.0 N Potassium hydroxide (1.0 N KOH) for pH adjustment 

of mobile phase A.   
   4.    0.1 M Phosphate buffer, pH 6.0 (SPE application buffer).   
   5.    Mobile phase reagent A: 2 mmol/L ammonium formate 

(pH 3).   
   6.    Mobile phase reagent B: 10:90 (vol:vol) mobile phase 

A:acetonitrile.   
   7.    SPE elution solvent: 73:25:2 (vol:vol) ethyl acetate:

isopropanol:NH 4 OH.   
   8.    Reconstitution (injection) solvent: 90:10 (vol:vol) mobile 

phase A:mobile phase B.      

       1.    This is a qualitative method; no calibrators were used and no 
concentrations were reported.   

   2.    Instead of a lower limit of quantitation, the criteria necessary 
for reporting a drug as “presumptive positive” were (a) peak 
area must be ≥5e + 3; (b) purity (library match factor for EPI 
spectra) must be ≥70 and the spectral match must pass visual 
review criteria; (c) relative retention time (RRt) must be within 
±0.05 min or 5 %, whichever is larger, of the library reference 
standard RRt; (d) the drug must not be present in the negative 
control (drug free urine); and (e) both internal standards must 
be identifi ed in the sample with peak areas, spectral purity, and 
Rts within acceptable limits.   

2.1  Reagents 
and Buffers 
( See   Note 1 )

2.2  Library 
Reference Standards 
(Calibrators/
Calibration)
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   3.    Reference standard RRts and retention times (Rts) were 
established by spiking drug standards, fi ve standards per sam-
ple, into drug-free urine at a concentration of 500 μg/L fol-
lowed by analysis using the procedure described.   

   4.    From the same analyses of drug standards as in  item 3 , acquired 
EPI spectra from drug standards were searched against existing 
AB Sciex libraries and compared to reference spectra available 
online, reviewed for acceptability, and used to create an in- 
house spectral library containing only the 125 compounds in 
the method. We created the library in-house (yielding more 
similar reference and patient spectra) and added only those 
compounds that were targeted in the SRM survey scan (result-
ing in fewer irrelevant library hits) in order to decrease the time 
required to exclude false-positive hits from automated library 
searches and uncover false negatives with manual library search.   

   5.    Primary drug standards in methanol, 1.0 and 0.1 mg/mL, or 
powders (when standards in methanol were unavailable) were 
purchased to create standards used for the spectral library.      

       1.    The working internal standard solution contained hydromor-
phone- D6 and diazepam-D5 in acetonitrile at a concentration 
of 500 μg/L ( see   Note 2 ).   

   2.    Quality control samples: Drug-free urine (blank or negative 
control) and a commercial lyophilized urine broad-spectrum 
drug screen control, reconstituted with water and then diluted 
×10 (1:9) with drug-free urine, were used to validate perfor-
mance daily. The 11 drugs in the positive control, their con-
centrations after ×10 dilution, and typical Rt, RRt, and peak 
areas are shown in Table  1 .

              1.    13 × 100 mm borosilicate glass test tubes.   
   2.    Autosampler vials and screw caps with PTFE-lined septa (2 mL 

amber, wide opening, borosilicate glass).   
   3.    Amber, borosilicate glass vials with PTFE-lined screw caps 

(10–25 mL, wide mouth) were used for storing drug and 
internal standard solutions at −15 to −30 °C.   

   4.    Positive displacement pipets (Drummond Scientifi c Co. micro-
dispensers), Hamilton syringes or Class A, glass, volumetric pipets 
were used for making drug and internal standard solutions.   

   5.    SPEware Trace-B columns, 3 cc, 35 mg, mixed mode (C18/
cation exchange) for solid-phase extraction.   

   6.    HPLC columns (XTerra ®  MS C18, 3.5 μm, 2.1 × 100 mm) 
and guard columns (XTerra ®  MS C18, 5 μm, 2.1 × 10 mm) 
were purchased from Waters Co. (Milford, MA).   

   7.    Pre-column fi lters (0.5 μm) were purchased from MAC-MOD 
Analytical, Inc. (Chadds Ford, PA).      

2.3  Internal 
Standard and Quality 
Controls

2.4  Supplies
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       1.    A Shimadzu Prominence HPLC system including (a) inline 
degasser, (b) two binary pumps with four solvent reservoirs 
and low-pressure solvent switching valves for each pump, (c) 
mixing T for gradient analysis, (d) temperature-controlled 
autosampler, (e) thermal column compartment with column 
switching valve.   

   2.    An AB Sciex 3200 QTrap ®   hybrid triple-quadrupole linear ion 
trap   mass spectrometer, including a 6-port divert valve.   

   3.    Cliquid ®  software from Ab Sciex was used for batch instrument 
control and automated library search and reporting. Analyst ®  
software from AB Sciex was used for instrument control dur-
ing maintenance and manual library searching.   

   4.    A 48 position positive pressure manifold from SPEware Co. 
was used for solid phase extraction (tubes).   

   5.    A Turbovap LV (50 tubes) from Biotage was used to evaporate 
SPE eluates.       

2.5  Equipment

   Table 1  
  Drugs present in the positive control (×10 dilution), their nominal concentrations, and typical Rt, RRt, 
and peak areas analyzed with the method as described   

 Drug 
 Concentration 
(μg/L) (ng/mL) 

 Typical Rt (min) 
and RRt  Typical (RRt) 

 Typical 
peak area 

 IS 1 (hydromorphone-D6)  100  3.32  1.00  6.5E + 04 

 Acetaminophen  400  3.57  RRt1 = 1.10  2.7E + 04 

 Codeine  160  4.20  RRt2 = 0.35  8.0E + 04 

 Amphetamine  160  4.13  RRt2 = 0.36  1.2E + 05 

 Quinine  160  5.24  RRt2 = 0.44  5.9E + 04 

 Benzoylecgonine  160  5.26  RRt2 = 0.46  1.0E + 05 

 Phencyclidine   80  6.56  RRt2 = 0.56  7.1E + 05 

 EDDP (methadone 
metabolite) 

 160  7.40  RRt2 = 0.63  1.1E + 06 

 Imipramine   80  7.71  RRt2 = 0.66  1.0E + 06 

 Propoxyphene  320  7.99  RRt2 = 0.67  3.9E + 05 

 Methadone  160  8.01  RRt2 = 0.68  2.4E + 06 

 Oxazepam  160  8.46  RRt2 = 0.72  1.1E + 05 

 IS 2 (diazepam-D6)  100  11.80  1.00  1.2E + 05 
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3    Methods 

       1.    Sample Preparation
   (a)    Centrifuge all urine samples at 3000 ×  g  for 10 min.   
  (b)    Label 13 × 100 mm glass tubes for control and patient 

samples.   
  (c)    Add 100 μL of the Mixed Working Internal Standard to all 

tubes using a positive displacement repeater pipettor.   
  (d)    Add 0.5 mL of the negative control, positive control, and 

patient samples to the appropriate tubes. Run one nega-
tive control and one positive control at the beginning of 
the run. Re-inject the negative control at the end of all 
runs. Re-inject the positive control at the end of the run if 
there are more than ten samples in the batch.   

  (e)    Add 1 mL of 0.1 M phosphate buffer (pH = 6.0) to all 
tubes. Vortex mix.       

   2.    SPE Column Conditioning and Sample Extraction 
 Note: Adjust pressure to allow a fl ow of approximately 20 
drops/min from the column during all steps except drying.
   (a)    Condition columns with 2 mL of methanol.   
  (b)    Condition columns with 1 mL of deionized water.   
  (c)    Transfer the samples into the SPEware Trace-B columns 

and elute samples through the columns.       
   3.    Column Wash

   (a)    Wash each column with 2 mL of deionized water.   
  (b)    Dry columns at maximum fl ow (50 psi for 10 min).       

   4.    Elution, Drying, and Reconstitution
   (a)    Elute drugs from the columns by applying 2.0 mL elution 

solvent (ethyl acetate:isopropanol: NH 4 OH at 73:25:2 
vol:vol) to each column with fl ow into 13 × 100 mm glass 
tubes (make elution solvent fresh daily— see   Note 3 ).   

  (b)    Evaporate to dryness for 20 min at 37 °C on the Turbovap.   
  (c)    Reconstitute with 0.5 mL Reconstitution Solvent. Vortex-

mix thoroughly. Transfer the contents to autosampler vials 
using glass transfer pipets, and then cap the vials.          

       1.    The LC and MS operating conditions are given in Tables  2 ,  3 , 
and  4  ( see   Note 4 ).

         2.    A standardized equilibration procedure for the LC is necessary 
to insure reproducible Rts and peak areas for early eluting 
compounds ( see   Note 5 ).   

   3.    The fi rst two injections of any run are made with a short gradi-
ent (8 min) of 3–100 % B with fl ow directed to waste (via 

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions
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divert valve) instead of to the source. The Rt of early eluting 
compounds had unacceptable variance unless these “LC 
primer” injections were used ( see   Note 6 ).   

   4.    Procedures are necessary to avoid “collapse” of the XTerra ®  
MS C18 stationary phase from exposure to low %B (e.g., 
97:3 Mobile Phase A:Mobile Phase B) under certain condi-
tions ( see   Note 7 ).   

   5.    The guard column is changed at 500 injections or earlier if Rts, 
peak areas, or peak shapes are degraded.   

   6.    A column/system wash procedure that removes the acidic buf-
fer and leaves the instrument in a high percent acetonitrile 
milieu is used at the end of each run. This protocol has been 
found to extend the lifetime of the column to several thousand 
injections ( see   Note 8 ).      

       1.    The data is analyzed with Cliquid and Analyst software from 
AB Sciex using two printed reports: (1) a modifi ed CES (colli-
sion energy spread) Best Candidate Detailed report and (2) a 
modifi ed CES Confi rmation Summary report. A portion 
(extracted ion chromatogram and library search summary list) 
from the CES Confi rmation Summary report for a patient 
sample analyzed with this method is shown in Fig.  1 .

3.3  Data Analysis

   Table 2  
  LC operating conditions   

 Component  Parameter  Details 

 Binary pump  Gradient program   Time    Flow rate  ( μL/min )   %B  
  0.0  350    3 
  1.0  350    3 
  6.0  350   40 
 10.0  350   40 
 11.5  350   60 
 12.3  350  100 
 14.5  350  100 
 15.5  350    3 
 19.0  350    3 

 Autosampler  Temperature  10 °C 

 Autosampler  Volume injected  10 μL (use 1 μL to identify 
very large peaks [>1e + 6 
area] or 30 μL for small 
peaks [<5e + 3 area]) 

 Column oven  Temperature  40 °C 

 Divert valve  Program  Time 0 = waste 
 Time 0.5 min = source 
 Time 15 min = waste 
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       2.    The batch is considered acceptable if: 
 (note peak areas used to evaluate QC and report patient 
samples are from the SRM survey scan, not from the EPI 
dependent scan):
   (a)    For the negative control: No drugs are identifi ed other 

than the internal standard, caffeine, theophylline (caffeine 
metabolite), and theobromine (caffeine metabolite). Both 
internal standards are present with peak areas above their 
thresholds, Rts within range, purities from library search 
≥60 ( see   Note 9 ), and all spectra passing visual review. The 
baseline in the composite XIC is <500 cps (composite XIC 
is overlayed XICs of all 125 SRMs). Any unidentifi ed 
peaks (no match or match <70) with areas >1e + 6 should 
be searched manually in Analyst Explore. A very large 
(>1e + 6) contaminant peak can be missed by the auto-
mated library search program, producing a false negative.   

  (b)    For the positive control: Both internal standards are pres-
ent with peak areas above their thresholds, Rts within 
range, purities from library search ≥60, and all spectra 

   Table 3  
  MS operating conditions   

 Parameter  Setting  Details 

 Synchronization 
mode and duration 

 LC Sync 
 19 min 

 n/a 

 MRM experiment  Q1 mass, Q3 mass, 
CE, and CEP for 
125 transitions 

  See  Table  4  

 MRM experiment  Ionization mode 
and dwell time 

 Positive ESI and 5 ms 

 MRM experiment  Advanced MS  Unit resolution for Q1 and Q3 

 MRM experiment  Source/gas  Cur 20, CAD High, IS 4000, Temp 500, GS1 
40, GS2 55, Ihe ON 

 IDA criteria  First level criteria  Select 1–3 most intense peaks which exceed 
1000 cps, exclude former target ions after 3 
occurrences for 15 s 

 Dynamic background subtraction: yes 

 3 EPI experiments  MS  Scan speed 4000 Da/s, mass range 50–700 

 3 EPI experiments  Advanced MS  Q0 Trap OFF, LIT fi ll time of 50 ms, Dynamic 
Fill Time: On, TIC Target: 10.00 × 1e + 7, 
Minimum Fill time 2 ms, Maximum Fill Time 
50 ms, Q1 unit resolution 

 3 EPI experiments  Compound  DP 40, EP 10, CEP 9.08, CE 35, CE spread 15 
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     Table 4  
  MRM parameters and verifi ed detection limits for 125 compounds in the method   

 Q1  Q3  ID  DP  EP  CEP  CE  CXP 
 Verifi ed at 
(ng/mL) 

 333.1  211.2  2-Hydroxyethylfl urazepam RRt2 = 0.75  40  10  24.82  50  5  100 

 328.1  165.1  6-MAM RRt1 = 1.36  40  10  24.68  35  5  100 

 286.1  121.1  7-Aminoclonazepam RRt1 = 1.71  56  4.5  16  39  4  100 

 284.1  135.1  7-Aminofl unitrazepam RRt2 = 0.53  56  4.5  16  35  4  100 

 427.2  207.1  9-Hydroxyrisperidone  40  10  27.45  35  4  n/d 

 152.0  110.0  Acetaminophen RRt1 = 1.10  40  10  19.75  20  5  5000 

 325.1  297.1  alpha-Hydroxyalprazolam RRt2 = 0.70  66  6.5  19.2  35  4  100 

 359.0  330.8  alpha-Hydroxytriazolam RRt2 = 0.70  61  9.5  20.2  35  4  100 

 309.1  281.1  Alprazolam RRt2 = 0.75  56  6.5  18.8  35  5  100 

 646.0  100.0  Amiodarone RRt2 = 1.12  40  10  33.58  50  5  500 

 278.2  117.2  Amitriptyline RRt2 = 0.67  46  5.5  14  35  4  100 

 409.1  238.2  Amlodipine  15  3  18  15  3.5  n/d 

 314.1  193.1  Amoxapine RRt2 = 0.62  40  10  18.36  50  5  100 

 136.1  91.1  Amphetamine RRt1 = 1.32  21  7.5  8  25  4  NR 

 267.2  145.1  Atenolol RRt1 = 1.11  40  10  22.97  35  5  100 

 290.2  124.1  Atropine  40  10  23.62  50  5  n/d 

 214.1  151.1  Baclofen  21  4  13  23  4  n/d 

 290.1  168.1  Benzoylecgonine RRt1 = 1.62  40  10  23.61  35  5  100 

 308.2  167.1  Benztropine  40  10  24.12  50  5  n/d 

 319.1  274.1  Brompheniramine RRt2 = 0.57  40  10  24.42  35  5  500 

 468.3  55.1  Buprenorphine RRt2 = 0.61  86  10  24  85  4  n/d 

 240.0  183.9  Bupropion RRt2 = 0.52  31  4  16.8  17  4  500 

 386.2  122.1  Buspirone RRt2 = 0.54  40  10  26.3  35  5  100 

 195.1  122.9  Caffeine  40  10  20.95  50  5  5000 

 251.1  180.2  Carbamazepine metabolite RRt2 = 0.59  40  10  16.38  50  5  500 

 237.1  193.1  Carbamazepine RRt2 = 0.67  40  10  22.13  50  5  100 

 261.2  62.0  Carisoprodol  40  10  16.39  50  5  5000 

 389.2  201.1  Cetirizine RRt2 = 0.72  40  10  26.39  20  5  500 

 300.1  227.1  Chlordiazepoxide RRt2 = 0.56  40  10  23.92  20  5  500 

 275.1  230.1  Chlorpheniramine RRt2 = 0.53  40  10  23.19  20  5  500 

(continued)
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Table 4
(continued)

 Q1  Q3  ID  DP  EP  CEP  CE  CXP 
 Verifi ed at 
(ng/mL) 

 319.1  86.1  Chlorpromazine RRt2 = 0.70  40  10  24.42  20  5  500 

 253.1  95.1  Cimetidine RRt1 = 1.09  40  10  16.45  35  5  500 

 325.2  109.0  Citalopram RRt2 = 0.60  51  6.5  19.2  41  4  100 

 315.2  86.1  Clomipramine RRt2 = 0.73  40  10  24.32  35  5  100 

 316.1  270.1  Clonazepam RRt2 = 0.75  61  4.5  19  35  4  100 

 230.0  213.0  Clonidine RRt1 = 1.21  40  10  21.93  35  5  100 

 327.1  270.1  Clozapine RRt2 = 0.57  56  5  16  35  5  100 

 304.1  182.1  Cocaine RRt1 = 1.80  41  6  16  21  4  100 

 300.2  152.2  Codeine RRt1 = 1.25  56  7.5  14  85  5  100 

 177.1  80.0  Cotinine RRt1 = 0.48  40  10  14.06  50  5  500 

 276.2  215.1  Cyclobenzaprine RRt2 = 0.65  40  10  17.17  50  5  100 

 290.1  154.1  D5-diazepam  40  10  17.31  40  5  I.S. 2 

 292.2  185.2  D6-hydromorphone  70  10  17.34  41  3  I.S. 1 

 267.2  72.1  Desipramine RRt2 = 0.65  36  4.5  16  25  4  100 

 272.2  213.4  Dextromethorphan RRt2 = 0.58  76  3.5  30  35  4  100 

 258.2  157.3  Dextrorphan RRt1 = 1.60  66  3  14  47  4  100 

 285.1  193.1  Diazepam RRt2 = 1.02  56  5.5  12  41  4  100 

 302.2  199.1  Dihydrocodeine RRt1 = 1.19  40  10  23.95  35  5  100 

 415.2  178.1  Diltiazem RRt2 = 0.62  40  10  27.12  35  5  100 

 256.2  167.0  Diphenhydramine RRt2 = 0.59  21  4  17.2  17  4  100 

 280.2  107.1  Doxepin RRt2 = 0.61  41  4.5  18  31  4  100 

 271.2  167.1  Doxylamine RRt1 = 1.57  40  10  17.02  35  5  100 

 200.1  182.1  Ecgoninemethylester RRt1 = 0.28  40  10  21.09  35  5  500 

 278.2  186.2  EDDP RRt2 = 0.63  66  5.5  14  39  4  100 

 166.1  91.1  Ephedrine/pseudoephedrine 
RRt1 = 1.17 

 40  10  20.14  50  5  500 

 337.2  188.2  Fentanyl RRt2 = 0.60  40  10  24.93  20  5  100 

 415.1  398.1  Flecainide RRt2 = 0.61  40  10  27.11  20  5  100 

 314.1  268.1  Flunitrazepam RRt2 = 0.81  56  4.5  18.9  35  4  100 

 310.1  148.1  Fluoxetine  40  10  24.17  35  5  n/d 

 388.1  315.1  Flurazepam RRt2 = 0.60  40  10  26.36  20  5  100 

(continued)
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Table 4
(continued)

 Q1  Q3  ID  DP  EP  CEP  CE  CXP 
 Verifi ed at 
(ng/mL) 

 319.2  200.2  Fluvoxamine RRt2 = 0.66  40  10  24.43  20  5  500 

 172.1  67.1  Gabapentin RRt1 = 1.20  40  10  20.31  50  5  5000 

 446.2  321.2  Glipizide RRt2 = 0.81  40  10  27.98  35  5  1000 

 376.1  123.0  Haloperidol RRt2 = 0.61  40  10  26.02  50  5  100 

 300.2  199.1  Hydrocodone RRt1 = 1.39  40  10  17.93  50  5  100 

 286.1  185.1  Hydromorphone RRt1 = 1.02  40  10  17.48  50  5  100 

 375.2  201.1  Hydroxyzine RRt2 = 0.66  40  10  26  20  5  100 

 281.2  86.1  Imipramine RRt2 = 0.66  36  3.5  16  23  4  100 

 238.1  125.0  Ketamine RRt1 = 1.49  40  10  22.16  35  5  100 

 329.2  91.0  Labetalol RRt2 = 0.53  40  10  18.84  50  5  100 

 256.0  108.8  Lamotrigine RRt1 = 1.57  56  9  17.2  67  4  100 

 235.2  86.1  Lidocaine RRt1 = 1.48  40  10  22.08  20  5  100 

 477.2  266.2  Loperamide  40  10  28.85  50  5  n/d 

 321.0  275.0  Lorazepam RRt2 = 0.75  51  5.5  19.1  29  4  100 

 278.2  250.2  Maprotiline RRt2 = 0.66  40  10  23.28  20  5  100 

 180.1  163.2  MDA RRt1 = 1.36  36  10.5  10  13  4  500 

 208.1  77.1  MDE RRt1 = 1.52  40  10  21.32  50  5  100 

 194.1  163.2  MDMA RRt1 = 1.42  26  4.5  14  15  4  100 

 248.1  220.1  Meperidine RRt1 = 1.84  51  5  16  29  8  100 

 219.1  55.0  Meprobamate  40  10  15.38  50  5  5000 

 212.1  91.1  Mescaline  40  10  21.43  50  5  n/d 

 150.1  91.1  Methamphetamine RRt1 = 1.38  31  10  13  25  4  NR 

 130.1  68.1  Metformin RRt1 = 0.28  40  10  19.13  50  5  >50,000 

 310.2  265.2  Methadone RRt2 = 0.68  31  4  14  19  4  100 

 234.1  84.1  Methylphenidate RRt1 = 1.68  40  10  22.04  35  5  100 

 268.2  103.0  Metoprolol RRt1 = 1.67  40  10  23  50  5  100 

 266.2  195.1  Mirtazapine RRt1 = 1.69  40  10  22.94  35  5  100 

 286.1  201.1  Morphine RRt1 = 0.58  40  10  23.5  35  5  500 

 462.2  286.2  Morphine-3-b- d -glucuronide 
RRt1 = 0.33 

 40  10  28.43  50  5  >50,000 

 163.1  132.1  Nicotine  40  10  20.06  20  5  500 

(continued)
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Table 4
(continued)

 Q1  Q3  ID  DP  EP  CEP  CE  CXP 
 Verifi ed at 
(ng/mL) 

 347.1  254.1  Nifedipine RRt2 = 0.93  40  10  25.21  50  5  1000 

 414.2  83.2  Norbuprenorphine RRt2 = 0.54  86  4.5  20  67  4  5000 

 271.1  140.1  Nordiazepam RRt2 = 0.81  56  4.5  17.7  37  4  100 

 266.1  107.2  Nordoxepin RRt2 = 0.62  41  4  16  29  4  n/d 

 233.2  84.0  Norfentanyl RRt1 = 1.55  41  5  14  25  4  100 

 234.1  160.1  Normeperidine RRt2 = 0.52  46  5.5  12  19  4  100 

 302.1  187.1  Noroxycodone RRt1 = 1.30  41  8.5  17.74  33  4  100 

 308.2  100.1  Norpropoxyphene RRt2 = 0.66  26  4.5  18  19  4  1000 

 264.2  233.1  Nortriptyline RRt2 = 0.66  41  4.5  16  19  4  100 

 313.1  256.1  Olanzapine RRt1 = 1.33  40  10  24.26  20  5  100 

 287.1  241.1  Oxazepam RRt2 = 0.72  46  4.5  18.2  31  4  100 

 253.1  236.0  Oxcarbazepine RRt2 = 0.61  40  10  22.58  20  5  n/d 

 316.1  298.1  Oxycodone RRt1 = 1.33  41  4  14  25  6  500 

 302.1  198.1  Oxymorphone RRt1 = 0.77  40  10  17.99  50  5  500 

 330.1  192.1  Paroxetine RRt2 = 0.64  40  10  24.73  50  5  500 

 286.2  218.3  Pentazocine RRt2 = 0.55  70  10  17.19  25  3  100 

 244.1  91.0  Phencyclidine RRt2 = 0.56  31  5  15.86  37  4  100 

 150.1  91.2  Phentermine RRt1 = 1.48  70  10  12.88  28  3  5000 

 152.1  134.0  Phenylpropanolamine RRt1 = 0.92  40  10  13.28  50  5  1.000 

 285.1  86.1  Promethazine RRt2 = 0.62  40  10  17.45  35  5  100 

 340.2  58.1  Propoxyphene  31  4.5  22  31  4  300 

 260.2  183.1  Propranolol RRt2 = 0.56  40  10  22.78  20  5  100 

 384.2  253.1  Quetiapine RRt2 = 0.59  51  7.5  20.8  29  4  100 

 325.2  307.2  Quinidine/quinine RRt1 = 1.56  40  10  24.6  35  5  100 

 315.2  176.1  Ranitidine RRt1 = 1.12  40  10  24.32  35  5  100 

 411.2  191.1  Risperidone RRt2 = 0.53  40  10  27  35  5  100 

 306.1  159.0  Sertraline RRt2 = 0.71  40  10  24.06  35  5  500 

 301.1  255.1  Temazepam RRt2 = 0.83  41  5  18.6  29  4  100 

 181.1  124.0  Theophylline RRt1 = 1.25  40  10  20.56  20  5  2000 

 264.2  58.0  Tramadol  26  4  17.4  35  4  100 

(continued)
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passing visual review. All expected compounds are present 
with peak areas above their thresholds, relative retention 
times (RRts) within range ( see   Note 10 ), Purities for 
library searches ≥70, and all spectra passing visual review 
( see   Note 11 ). Only expected compounds (11 spiked 
drugs and 2 internal standards) are found.       

   3.    Drugs/metabolites in patient samples are reportable if:
   (a)    Both internal standards are present in the sample with 

peak areas above their thresholds, Rts within range, puri-
ties from library search ≥60, and all spectra passing visual 
review ( see   Note 12 ).   

  (b)    The drug/metabolite(s) have a peak area(s) >5e + 3, rela-
tive retention times (RRts) within range, purities from 
library search ≥70, and all spectra pass visual review. An 
example of the Best Candidate Detailed Report for one 
EPI scan is shown in Fig.  2 .

      (c)    Visual review of the match between each unknown spectra 
and library spectra using in-house-developed criteria is 
necessary to avoid false positives [ 5 ,  9 ].       

   4.    Manual library search (using Analyst Explore function) is nec-
essary in some cases to avoid false negatives ( see   Note 13 ). An 
example of manual library search results from Analyst Explore 
for chlordiazepoxide is shown in Fig.  3 .

       5.    Carryover was evaluated during validation. Infrequently peaks 
with area >4e + 6 caused carryover to the next specimen. 
Carryover appeared to be drug dependent.   

   6.    Results for limit of detection studies are shown in Table  4 .       

Table 4
(continued)

 Q1  Q3  ID  DP  EP  CEP  CE  CXP 
 Verifi ed at 
(ng/mL) 

 372.2  176.1  Trazodone RRt2 = 0.54  40  10  25.91  35  5  100 

 343.0  239.0  Triazolam RRt2 = 0.78  40  10  25.09  50  5  100 

 278.2  260.2  Venlafaxine RRt2 = 0.53  40  10  23.3  20  5  100 

 455.3  165.2  Verapamil RRt2 = 0.66  40  10  28.24  35  5  100 

 308.2  235.2  Zolpidem RRt2 = 0.52  66  5  16  45  4  100 

   n/d  not done  
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4    Notes 

     1.    Minimize exposure of all organic solvents used in the method (in 
standards, internal standards, mobile phases, pump washes, etc.) 
to any form of plastic (containers, vials, pipets, transfer pipets, 
parafi lm, pipet tips, etc.). Phthalate contamination from plastics is 

Extracted Ion Chromatogram

Summary
RT 

(min)
Exp RT 
(min)

RRt Compound Name Peak Area Purity 
(%)

Fit (%) Rev Fit 
(%)

1.07 1.07 0.33 Nicotine RRt1=0.34 1.45e+005 88.0 94.1 93.5

1.66 1.57 0.50 Cotinine RRt1=0.48 2.33e+006 96.6 100.0 96.6

2.78 2.35 0.84 Oxymorphone RRt1=0.77 1.38e+005 89.4 95.7 93.4

3.52 2.95 1.06 Acetaminophen RRt1=1.10 2.48e+004 93.4 100.0 93.4

3.29 3.22 1.00 D6-Hydromorphone RRt2=0.29 1.62e+005 73.1 75.4 97.0

3.68 3.24 1.11 Hydromorphone RRt1=1.02 1.23e+005 42.9 94.9 45.2

3.54 3.57 1.07 Acetaminophen RRt1=1.10 1.90e+006 96.9 98.9 98.0

3.43 3.71 1.04 Ephedrine/Pseudoephedrine RRt1=1.17 4.62e+004 44.6 62.6 71.3

3.91 3.99 0.33 Theophylline RRt2=0.34 (RRt1=1.25) 5.18e+005 81.6 96.0 85.0

4.15 4.07 0.35 Noroxycodone RRt2= 0.37 (RRt1=1.30) 9.64e+005 81.4 92.6 87.9

4.66 4.13 0.40 Amphetamine RRt2=0.38 (RRt1=1.28) 4.14e+004 80.7 80.7 100.0

4.44 4.20 0.38 Hydrocodone RRt2=0.38 (RRt1=1.39) 5.32e+005 91.5 97.0 94.4

4.22 4.23 0.36 Oxycodone RRt2=0.37 (RRt1=1.33) 1.78e+007 79.1 98.3 80.5

4.16 4.37 0.35 Noroxycodone RRt2= 0.37 (RRt1=1.30) 4.36e+006 81.4 92.6 87.9

4.43 4.50 0.38 Hydrocodone RRt2=0.38 (RRt1=1.39) 1.37e+006 91.5 97.0 94.4

4.52 4.64 0.38 Caffeine RRt2=0.40 (RRt1=1.45) 7.37e+004 94.4 100.0 94.4

5.60 5.62 0.48 7-Aminoclonazepam RRt2=0.48 (RRt1=1.77) 9.31e+005 90.7 92.7 97.9

8.67 8.77 Library search indicates no matching spectra 
found.

4.06 9.65 Library search indicates no matching spectra 
found.

11.70 11.80 1.00 D5-Diazepam RRt1=3.66 3.58e+005 77.7 85.3 91.1
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  Fig. 1    The Composite Extracted Ion Chromatogram (EIC or XIC) and the Cliquid ®  CES Confi rmation Summary 
Report for a patient specimen analyzed with this method are shown. All EPI spectra that were searched are 
matched to the highest purity hit from the library and listed in Rt order       
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common and can be signifi cant. Use polytetrafl uoroethylene 
(PTFE) lined caps for containers and PTFE lined septa for 
ALS vials.   

   2.    Two internal standards, the early eluting hydromorphone-D6 
and the late-eluting diazepam-D6, are used because the Rts of 
early eluting drugs are more variable than the Rts of mid-run 
and late-eluting compounds. Use of the early-eluting hydro-
morphone- D6 as an internal standard more reliably gave RRts 
within the expected range for morphine, hydromorphone, and 
other drugs eluting in the fi rst 4 min.   

   3.    SPE elution solvent is made fresh each day of use because of 
the high volatility of NH 4 OH.   

   4.    A single mid-range energy collision energy (CE) does not yield 
diagnostic spectra for all compounds. Frequently, lower 
molecular weight (<250  m / z ) compounds tend to be over 
fragmented when CE is too high in to non-diagnostic, low- 
molecular- weight product ions. Higher molecular weight 
drugs (>400  m / z ) tend to be under fragmented when CE is 

  Fig. 2    An example showing oxycodone identifi ed in the Cliquid ®  CES Best Candidate Detailed Report for the 
patient sample from Fig.  1 . The  left pane  is the SRM peak found in the survey scan of the patient sample. 
The  center pane  is the EPI spectrum from a dependent scan of the patient sample. The  right pane  is the refer-
ence EPI spectrum from the 125 compound library. The highest purity hit from library search is listed below 
with the observed SRM peak area, observed RRt and purity. The naming convention for compounds added to 
the in- house library included expected Rt and RRt that had been established in-house with reference com-
pounds. This allowed for easy comparison with the observed Rt and RRt of candidate compounds in patient 
specimens. RRt1 indicates that Internal Standard 1, hydromorphone-d6, was used to calculate the relative 
retention time (compounds in the fi rst 4 min of the run) and RRt2 indicates that Internal Standard 2, diazepam-
d5, was used the calculate the relative retention time (compounds with Rts later than 4 min)       
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too low, with few or no product ions. The QTrap ®  Collision 
Energy Spread (CES) function is used in this method to apply 
three user defi ned collision energies (20, 35, and 50), with 
product ions moved out of the collision cell and held in the 
LIT after each CE is applied, to better fragment the widest 
array of compounds into useful product ion spectra.   

  Fig. 3    The output from a manual library search that identifi ed chlordiazepoxide in Analyst Explore is shown. The 
 top pane  is the unknown EPI spectrum from the dependent scan of the patient sample. The  next pane down  is 
the reference EPI spectrum with the highest purity hit from the manual library search (chlordiazepoxide with 
Purity 89.1). The  next pane  is the second highest purity hit (colchicine with purity 27.8). The top four hits from 
the library search, ranked by purity, and showing the CE at which the library spectra were acquired, are listed 
in the  bottom pane        
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   5.    The method uses a weak buffer (2 mmol/L) and starts at a 
very low % of organic solvent (3 % mobile phase B or 2.7 % 
acetonitrile). These two factors cause the Rts of early eluting 
drugs to be very sensitive to incomplete equilibration of the 
LC system from the column wash conditions (100 % acetoni-
trile). Incomplete equilibration causes Rt and RRt shifts. 
Equilibration before the run was 2 min at 50 % mobile phase 
B and 13 min at 10 % mobile phase B.   

   6.    Two “LC primer” injections are performed after LC equilibra-
tion as follows: 0.5–8.0 min gradient from 3 to 100 % B at 
350 μL/min; 100 to 3 % B from 8.0 to 8.5 min at 350 μL/
min; 3 min re-equilibration at 3 % B at 350 μL/min.   

   7.    C18 stationary phases may “collapse” or “dewet” when 
exposed to a low percent organic component in the mobile 
phase (e.g., ≲10 %). We observed Rt shifts and bizarre peak 
shapes under these conditions. This problem occurs if the col-
umn used for this method is left in <10 % mobile phase B 
without fl ow or when equilibrated at isocratic fl ow conditions 
of <10 % B. It does not occur with a continuously cycling gra-
dient starting at 3 % B. The equilibration and “primer” injec-
tion procedures described in Notes 5 and 6 are successful at 
preventing this phenomenon.   

   8.    The “column/system wash” is performed at the end of a run. 
The divert valve is switched to waste and the column is washed 
at 50:50 acetonitrile:water for 5 min then 100 % acetonitrile 
for 20 min.   

   9.    The internal standards required a library search Purity of only 
≥60, instead of the ≥70 required for unknowns. If the internal 
standard identifi cation was wrong or missing or the purity was 
<60—the internal standards were searched manually using 
Analyst Explore ( see  Note 11). 

 If both I.S. peak areas in a patient sample were below 
threshold the sample was re-extracted. If the I.S. 2 peak area 
was acceptable but the I.S. 1 peak area was very low or miss-
ing, ion suppression was assumed. If I.S. 1 was missing, 
expected Rt instead of RRt could be used for verifying drugs 
that use I.S. 1 for RRt (Rts earlier than 4.0 min) and a com-
ment warning of possible false negatives was appended. The 
acceptable range for expected Rt was ±0.2 min.   

   10.    Relative retention time (RRt) criteria: RRt is acceptable if 
within ±0.05 or within 5 % of the library standard RRt—
whichever is larger.   

   11.    In-house-developed EPI Visual Spectral Review Criteria [ 5 ]: 
The tolerance for ions in the unknown spectra to match by 
visual review to ions in the library spectra was ±0.2  m / z . For 
example a product ion of 227.3  m / z  matches to a library 

Broad-Spectrum Drug Screening Using Liquid Chromatography-Hybrid…



150

spectra ion of 227.1. An ion of 227.4 does not match. The 
four most abundant ions in the library spectra should be pres-
ent in the unknown spectra. If there are ions in the unknown 
that are NOT present in the library spectra—they should be 
less abundant than the two most abundant ions in the 
unknown spectra OR if there are only three ions in the library 
spectra—all three ions must also be present in the unknown 
spectra. If there are more than three ions in the unknown—
the “extra” ions—those that are not present in the library 
spectra—should be less abundant than the three matched 
ions AND there should be other evidence that supports a 
positive result. Other evidence includes a positive result for 
that drug with a different method (GC-MS or immunoassay) 
OR a positive result for a metabolite/parent of the drug in 
question with this method OR exceptions noted for selected 
spectra in the library. For example—9-hydroxyrisperidone, 
 cetirizine  , lidocaine, and sertraline have sparse spectra and so 
were reportable with only three ions. Selected drugs/drug 
classes did not reliably have three ions present in the EPI 
spectrum and were reported instead from targeted confi rma-
tion methods, e.g., amphetamine and methamphetamine. 

 If the purities from library search for drugs in the positive 
QC were too low (<70)—the spectra were checked for miss-
ing/decreased abundance of ions <100  m / z  compared to the 
library spectra. On a few occasions, this was a sign that the 
linear ion trap (LIT) needed to be tuned and re-calibrated.   

   12.    Visual review criteria for the Internal Standards were different 
than for unknowns: Internal standard 1 was accepted with only 
the precursor ion (292) present so long as it was the most 
abundant ion. Internal standard 2 was accepted if only two 
ions (290 precursor ion and one other) were present so long as 
290 was the most abundant ion and the other ion matched to 
an ion in the library spectrum.   

   13.    Peaks with areas ≥1e + 6 and purities <70 or with “ -no match-
ing spectra found- ” reported on the Best Candidate Detailed 
Report were potentially false negatives. The most common 
cause of false negatives was from too many ions present in the 
LIT causing space charging and mass bias (e.g.,  m / z  278 
appears as  m / z  279). For such large peaks, a spectrum can usu-
ally be searched manually in Analyst Explore from the shoulder 
or tail of the peak (lower abundance of ions in the LIT) or 
from the second or third EPI experiment and matched with a 
purity ≥70. The sample extract can also be re-injected with a 
lower volume (e.g., 1 μL instead of 10 μL). 

 False negatives can also occur because too little drug is 
present for a satisfactory spectrum to be obtained. When the 
SRM peak is <1e + 4, purities may be <70 and spectra may have 
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less than four ions matching to the library spectra, even for a 
true positive. If manual search does not fi nd an acceptable 
spectrum—the sample can be re-injected with more volume 
(e.g., 30 μL instead of 10 μL).            
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    Chapter 17   

 High-Resolution Mass Spectrometry for Untargeted 
Drug Screening       

     Alan     H.  B.     Wu       and     Jennifer     Colby      

  Abstract 

   While gas chromatography-mass spectrometry (GC/MS) continues to be the forensic standard for toxicol-
ogy, liquid chromatography coupled to tandem MS offers signifi cant operational advantages for targeted 
confi rmatory analysis. LC-high-resolution (HR)-MS has recently been available that offers advantages for 
untargeted analysis. HR-MS analyzers include the Orbitrap and time-of-fl ight MS. These instruments are 
capable of detecting 1 ppm mass resolution. Following soft ionization, this enables the assignment of exact 
molecular formula, limiting the number of candidate compounds. With this technique, presumptive iden-
tifi cation of unknowns can be conducted without the need to match MS library spectra or comparison 
against known standards. For clinical toxicology, this can greatly expand on the number of drugs and 
metabolites that can be detected and reported on a presumptive basis. Defi nitive assignments of the com-
pound’s identity can be retrospectively determined with acquisition of the appropriate reference 
standard.  

  Key words     High-resolution mass spectrometry  ,   Orbitrap  ,   Time-of-fl ight mass spectrometry  , 
  Untargeted mass screening  ,   Exact molecular formula  

1      Introduction 

      Mass spectrometry      as a detector has played a prominent role in 
 drug screening   and confi rmation analysis for many years beginning 
with  gas chromatography-mass spectrometry (GC-MS)   followed 
by liquid chromatography-mass spectrometry (LC-MS), 
GC-tandem mass spectrometry (GC-MS/MS), and LC-tandem 
mass spectrometry. Drugs are typically bombarded by electrons to 
form ions and to fragment the molecular ion into pieces of predict-
able size. The ions are sorted according to their mass to charge 
ratio ( m / z ) using a quadrupole fi ltering segment. As the name 
implies, the quadrupole consists of four cylindrical rods. Each pair 
is connected to a direct and radiofrequency voltage. Ions pass 
through the middle of these rods and form either unstable orbits 
which are lost to the vacuum, or stable orbits that reach the electron 

1.1  Mass 
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multiplier detector. Due to the complexity of biological samples, 
most mass spectrometers are connected to a gas or liquid chro-
matograph, which isolates and purifi es the sample, prior to its 
introduction to the mass spectrometer. Because the resolution of 
 liquid chromatography   is lower than for  gas chromatography  , the 
use of daughter ion spectra, derived from the parent ion as gener-
ated in a tandem mass spectrometer, is a means to further isolate 
the targeted compound of interest.  

   Time-of-fl ight (TOF)  mass spectrometry (MS)   instrumentation 
makes use of an alternative mass fi ltering device to the quadrupole. 
While GC-MS and LC-MS make use of electron impact and elec-
trospray ionization, optimum use of TOF instrument requires 
“soft ionization” which minimizes parent ion fragmentation. 
Molecular ions are focused into a fl ight tube where time is mea-
sured from the point of ionization from the source, traveling 
through the fl ight tube, and when it reaches the detector. Lighter 
ions travel faster under a given electrical fi eld than heavier ions. 
The major advantage of TOF MS analyzers is high mass resolution. 
The molecular weight of parent ions can be determined with a 2–5 
part per million (ppm). From this, the  exact molecular formula   of 
a particular chromatographic peak can be determined in most 
cases. The traditional quadruple mass fi ltering analyzers are only 
able to differentiate nominal molecular weights, i.e., whole molec-
ular mass units. There are many manufacturers of TOF MS instru-
ments. The combination of a triple quadrupole with TOF MS/MS 
enables the simultaneous assessment of molecular fragmentation 
with precise molecular formula assessments. 

 There are other high-resolution mass spectrometers that have 
been developed to compete against time-of-fl ight instrumentation. 
The  Orbitrap   (manufactured by Thermo-Fisher, San Jose, CA) 
consists of two electrodes, the outer barrel-like electrode and an 
inner spindle-like electrode, which are used to create an electro-
static fi eld. Ions from the chromatograph are focused tangentially 
into the electrical fi eld where they undergo stable and unstable 
oscillations from one end of the inner electrode to the other. This 
confi guration enables the production of high-resolution mass 
spectra that are equivalent to those of TOF MS instruments. 

 The resolution of HR MS instruments is defi ned as the abso-
lute difference from the exact theoretical molecular mass to the 
measured mass divided by the theoretical mass. This ratio is mul-
tiplied by 10 6  to produce a value in parts per million. Typically, 
TOF and Orbitrap instruments can produce a resolution of 
2–5 ppm. For an  m / z  of 100, a 2 ppm resolution produces a mass 
error of less than  m / z  0.0002. This is more than adequate to 
assign molecular formulae to candidate compounds. Once the for-
mulae are known, the analyst can conduct a web-based internet 
searches using the formula as the keyword. Compounds will 

1.2  High-Resolution 
(HR) Mass 
Spectrometry (MS) 
Instrumentation
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appear that will necessarily be isomers of each other (stereo or 
structural). The complexity of high resolution  mass spectrometry   
increases with the mass-to-charge ratio. It is more diffi cult to 
assign the identity of a compound based on molecular weight as 
the size of the ion increases. 

 To illustrate the advantage of high-resolution mass spectrom-
etry, Fig.  1  shows the comparison of three drugs and metabolites 
with the same nominal molecular weight, but have different molec-
ular formula and thus different exact molecular weights. Using 
standard single or triple quadrupole MS, a single peak correspond-
ing to the ion at  m / z  285 would appear with each compound. 
Using TOF-MS, the  m / z  285.34 ions would be separated from 
285.73 from 285.21. Comparison of GC-MS, LC-MS/MS, and 
LC-HR/MS for small-molecule analysis is shown in Table  1 .

           Currently,  drug   testing in clinical and forensic practice is a two- 
step process. The initial testing by use of immunoassays is followed 
by confi rmatory analysis by mass spectrometry. Immunoassays are 
designed to detect one or more members of a class of drugs and/
or their metabolites. For example, the immunoassay for  opiates   
detects codeine, morphine, hydrocodone, and hydromorphone. 
Confi rmatory assays are necessary for many clinical and all forensic 
applications because some immunoassays suffer from false-positive 
results, i.e., unintended cross-reactivity towards related drugs and 
compounds, while other assays produce false-negative results, i.e., 
the inability of an immunoassay to detect all members of a class of 
drugs. For example, diphenhydramine produces a false-positive 
result on the phencyclidine assay [ 1 ] while most commercial 
immunoassays for benzodiazepines do not detect lorazepam or 
the lorazepam glucuronide (the major lorazepam metabolite) [ 2 ]. 
Targeted GC-MS or LC-MS is used to confi rm results of immuno-
assay screening tests. If a member of the targeted drug class is 
present, a positive result is reported. If the positive result is due 
to an interfering drug or compound, a negative result is reported. 

1.3  High-Resolution 
Mass Spectrometry 
for Clinical 
and Forensic 
Toxicology (Fig.  2 )

  Fig. 1    Differentiation of molecular formula by  time-of-fl ight mass spectrometry  . ( a ) Morphine: formula 
C 17 H 19 NO 3 , molecular weight 285.3377. ( b ) 7-aminoclonazepam (major clonazepam metabolite): formula 
C 15 H 12 ClNO 3 , molecular weight 285.7283. ( c ) Pentazocine: formula C 19 H 27 NO, molecular weight 285.2093       
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 Mass spectrometry   can also be used to quantitate the concentration 
of the drug in urine, serum, or other body fl uids. Quantitative 
results are mandated by the Federal Workplace Drug Testing 
Programs for federal employees [ 3 ], although the concentration of 
the drug or metabolite is not reported. Quantitative testing is also 
important in postmortem (forensic) drug testing, as the levels can 
be helpful to determine if the drug present is incidental or a major 
cause of death. 

  Mass spectrometry   can also be used as a screening assay for 
unknown drugs and intoxicants. This is important for drugs for 
which there are no immunoassays available. Drugs that fall into 
this category and have clinical relevance include designer amines 
and cannabinoids, novel antipsychotic drugs, oral hypoglycemic 
medications, and antiarrhythmias. A computerized search algo-
rithm is used to match unknown peaks from a mass fragmentation 
pattern to a mass spectra library. Comprehensive libraries are avail-
able using electron impact ionization for GC-MS. These libraries 
are transportable; that is, there is consistency in the mass spectrum 
produced from different instruments. However, these libraries may 
not contain spectra for many of the known metabolites of targeted 
drugs. Derivatization prior to GC-MS analysis is necessary in order 
to produce a compound that can be injected into the gas chro-
matogram. LC-MS and LC-MS/MS have been used for general 
unknown screening. Unlike GC-MS, samples injected for LC-MS 
does not require prior derivatization of the sample, as the sample 

   Table 1  
  Comparison of tandem for targeted versus TO F/MS for nontargeted small-molecule analysis a    

 Parameter  GC-MS  LC-MS/MS  LC-HR/MS 

 Scan modes  Targeted (SIM) b   Targeted (SRM)  Full scan 

 Fragmentation requirement  Yes  Yes  No (parent ion only) 

 Mass resolution  Low (nominal mass)  Low (nominal mass)  High (0.001 amu) 

 Mass range  Low (<3000 amu)  Low (<3000 amu)  High (20,000 mu) 

 Identifi cation criterion  SIM/ion ratios  SRM/ion ratios mass  Molecular formula 

 Databases  MS libraries  MS libraries  Accurate mass 

 Instrumentation costs 

 Method development  Low ($50–100,000)  High ($200–400k)  High ($200–400k) 

 Method development 

 For qualitative analysis  Extensive  Extensive  Abbreviated, nontargeted 

   a  GC-MS   gas chromatography  -mass spectrometry,  LC-MS/MS   liquid chromatography-tandem mass spectrometry  ,  LC- 
HR/MS  liquid chromatography-high-resolution mass spectrometry which includes time-of-fl ight and  Orbitrap    mass 
spectrometry  . Used with permission from Wu et al. Clin Toxicol 2012;50:733–42 
  b  SIM  selected ion monitoring,  SRM  selected reaction monitoring  
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does not need to be volatile. However, LC-MS assays for   toxicology   
applications produce more variability in the mass spectrum between 
different instrument manufacturers and separate unknown libraries 
must be created. 

 LC time-of-fl ight mass spectrometers and other high resolu-
tion MS instruments have been examined as an alternative to tan-
dem MS for unknown toxicology screening [ 4 – 8 ]. High-resolution 
MS enables determination of the  exact molecular formula   that 
can be useful for presumptive assignment of unknowns in a gen-
eral toxicology screen, even if the toxicology laboratory has no 
prior experience with that drug. The laboratory may not have a 
standard, know the chromatographic retention time of the com-
pound, or have the full-scan mass spectrum in their library. 
Reporting of presumptive results can be useful in clinical toxicology 
situations where turnaround time is essential in making manage-
ment or triaging decision of patients who are acutely poisoned 
or overdosed. The clinical team, however, must be knowledge-
able as to the limitation of untargeted screening procedures. 

Ion source

a

b

Reflectron

Ion
path

detector

Flight
tube

Ion
path   

Ion
Source   

detector

  Fig. 2    Simplifi ed diagram of fi ltering strategies for high-resolution mass spec-
trometers. ( a ) Time-of-fl ight MS. Ions are focused onto a long fl ight tube. The 
time needed from ionization to detector is measured. Heavier ions take longer 
time than lighter ions. ( b )  Orbitrap   MS. Ions follow a stable orbit around the trap 
and are selectively ejected from the orbits       
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Fortunately, the concept of reporting “presumptive fi ndings,” 
i.e., the exact assignment of the intoxicant is not made, has been 
used for many years in conjunction with other non-defi nitive tox-
icology procedures such as thin-layer chromatography (e.g., 
Toxi ®  Lab, Analytical Systems, Laguna Hill, CA) [ 9 ] and  liquid 
chromatography   rapid UV scanning LC detection (e.g., Remedi ®  
BioRad Laboratories, Benicia, CA) [ 10 ]. Both of these tech-
niques have largely been abandoned in clinical toxicology labora-
tories today. 

 High-resolution  mass spectrometry   can be useful for forensic 
applications as a screening tool; however additional measures must 
be taken to confi rm presumptive fi ndings found. Once a drug or 
intoxicant is known, the laboratory must acquire the drug stan-
dards and validate the results. Alternately, the sample could be sent 
to a reference laboratory that has validated procedures for the drug 
in question. A presumptive result, even if produced by mass spec-
trometry, is not defendable in court. Figure  3  shows a possible fl ow 
of samples using high resolution mass spectrometry and the differ-
ent approach taken for clinical versus forensic testing. Clinical test-
ing favors rapid turnaround time while forensic analysis requires 
production of defensible results. 

Blood or urine sample arrival 

Immunoassay drug screening 

GC/MS, LC-MS
confirmation
(if needed)

High resolution MS analysis

negative

clinical                             

Report                     Acquire standard

Acquire standard             Report
amend report
(if needed)

Assay TAT

1 hour

1-4 days

2-4 hours

1-4 days

positive

  Fig. 3    Flow of analytical assays for clinical and forensic  toxicology   analysis using 
 mass spectrometry  . Immunoassay results or turnaround time (TAT) can be obtained 
within 1 h after sample receipt. Positive immunoassay results can be confi rmed by 
GC-MS or LC-MS/MS. Drugs not tested by immunoassay can be examined by  high-
resolution mass spectrometry  . For clinical purposes, a presumptive results can be 
obtained within a few hours and reported immediately. For forensic purposes, 
defi nitive testing is needed to confi rm before results can be reported should there 
be any legal proceedings       
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       There are many  different    toxicology   questions that can be addressed 
with high-resolution MS analysis. Perhaps the strongest applica-
tion is in the identifi cation of novel designer drugs. These are ana-
logs to exiting drugs whereby one or more functional group has 
been altered in such a way that the pharmacologic activity is similar 
to the parent drug. The objective of is to produce a drug that is 
similar to one that is either illegal or whose distribution is con-
trolled by a country’s drug enforcement agencies. Although 
designer drugs have been synthesized for illicit purposes for many 
decades, there is a resurgence of the  synthesis   of new compounds, 
particularly for amines such as “bath salts” [ 11 ], marijuana [ 12 ], 
and fentanyl [ 13 ]. Most of these designer amines are not detected 
by the existing commercial immunoassays [ 14 ], unless they are 
specifi cally targeted towards those compounds. The rate by which 
these compounds are produced by clandestine laboratories exceeds 
the ability of the  toxicology   laboratory to produce targeted mass 
spectrometric analysis, which typically takes several months to 
complete. At one time, it also greatly exceeds the rate by which the 
US Drug Enforcement Agency could schedule these drugs as 
“controlled substances.” However, recent legislation does not 
require DEA to list specifi c drugs, in favor of classes of agents. For 
example, the term “cannabimimetic agents” means any substance 
that is a cannabinoid receptor type 1 (CB1 receptor) agonist as 
demonstrated by binding studies and functional assays [ 15 ]. 

 Some drugs are completely metabolized and are not excreted 
into urine to any appreciable extent. Should this happen to the 
designer amines, this would pose an additional problem as the 
metabolism of these drugs is generally unknown. Even if the struc-
tures of the designer amines and metabolites were known, it is dif-
fi cult to obtain access to standards to relevant metabolites to these 
drugs. For these reasons, untargeted MS analysis provides an alter-
native to targeted analysis using GC or LC-MS. With the molecu-
lar formula, it may be possible to predict and identify a metabolite 
based on the usual means that drugs are metabolized down, i.e., 
through oxidation, demethylation, and conjugation. 

 Another important application of high resolution  mass spec-
trometry   is in detecting active and potentially illicit and dangerous 
drugs found in herbal medications. Since these products are con-
sidered food supplements, they are not regulated by the Food and 
Drug Administration as a drug. There are many formulations of 
herbals that contain designer drugs. Consumers take these supple-
ments without realizing that the contents may not be natural sub-
stances but chemicals that can produce dangerous side effects. 
When patients suffer adverse events and are seen in an emergency 
department, the analysis of body fl uids and the herbal medications 
themselves using HR-MS can be useful in managing these patients. 
The FDA will conduct an investigation of herbal suspect herbal 
medications. However, many of these products are made in Asia 
and list fi ctitious addresses. 

1.4  Applications 
in Drug Testing using 
High- Resolution Mass 
Spectrometry
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 Adulterants and contaminants is testing application that is well 
suited for high-resolution MS analysis. Adulterants are used in 
illicit drug production as a means to increase the mass of the prod-
uct or to achieve a desired alternate effect. Some of these adulter-
ants, e.g., levamisole which is widely used in cocaine, can produce 
toxic effects [ 9 ]. As with herbals, the analysis is conducted on both 
the patient’s blood and urine, and the illicit drug itself, if it is avail-
able. To assist in diagnoses, physicians are reminded to ask and 
retain from patients and their families regarding the medications 
that have or are taking. 

 Drug testing for pain management has become a major growth 
area for clinical  toxicology   laboratories. As a condition for contin-
ued participation and reimbursement, patients with chronic pain 
must demonstrate adherence to their drug prescriptions, and 
abstain from abuse of illicit drugs. For  therapeutic drug monitor-
ing  , GC-MS and LC-MS/MS are well suited for targeted quantita-
tive testing. Some laboratories have generated urine drug testing 
reports that indicate compliance by the donor, through a correc-
tion for fl uid volume based on urine creatinine testing. However, 
the variability of drug absorption, distribution, metabolism, and 
excretion is large, making accurate assessments impossible. For 
unknown analysis, MR-MS analysis is effective. The presence of an 
illicit drug may disqualify participants from participating in the 
clinic. Due to the wide menu of analytes, some pain management 
laboratories have eliminated immunoassay screening completely 
and perform all  testing   using mass spectrometry. 

 High-resolution  mass spectrometry   analysis offers signifi cant 
advantages for clinical  toxicology  , and to forensic  toxicology  , 
although to a lesser extent. While quantitative analysis can be con-
ducted by high-resolution instrumentation,  tandem mass spec-
trometry   technology is preferred. It is therefore diffi cult for 
laboratories to justify the cost of owning separate tandem and 
high-resolution MS equipment. An optimum situation is the acqui-
sition of systems that have both triple-quadrupole and high- 
resolution detections available within a single instrument. As would 
be expected, the costs for a combined instrument are higher than 
for the individual instruments. But it enables the analyst to use the 
best detector suited for the application.    

2    Materials 

    Urine, randomly collected.  

       1.    Specimen preparation buffer (water containing 12.5 % 50:50 
methanol:acetonitrile): Prepare 30 mL of 50:50 methanol:
acetonitrile. Mix 25 mL of the 50:50 methanol:acetonitrile 
solution with 175 mL water to prepare 200 mL of preparation 
buffer. Solution is stable at 15–30 °C for 1 year.   

2.1  Samples

2.2  Standards 
and Reagents ( See  
 Note 1 )
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   2.    1 M Ammonium formate: Measure 6.305 g of ammonium 
formate using an analytical balance. Add the ammonium for-
mate to a 100 mL volumetric fl ask and fi ll to 100 mL with 
water. Solution is stable at 15–30 °C for 1 year.   

   3.    Mobile phase A (water containing 5 mM ammonium formate 
and 0.05 % formic acid): To prepare 2 L of mobile phase A, 
add 10 mL of 1 M ammonium formate, 1 L of water, and 
1 mL of formic acid to a graduated cylinder, and then add 
water to bring the volume to 2 L. Solution is stable at 15–30 °C 
for 6 months.   

   4.    Mobile phase B (50:50 methanol:acetonitrile containing 
0.05 % formic acid): To prepare 2 L of mobile phase B, mix 1 L 
of acetonitrile with 1 L of methanol. Remove 1 mL of the mix, 
and then add 1 mL of formic acid. Solution is stable at 
15–30 °C for 6 months.   

   5.    Pump wash solution (50:50 water: methanol): Solution is sta-
ble at 15–30 °C for 6 months.   

   6.    Drug-free human urine: Purchased from UTAK Laboratories 
(Valencia, CA).   

   7.    Reference standards: Drug standards and deuterium-labeled 
internal standards were purchased from Cerilliant (Round 
Rock, TX), Grace Davison/Alltech (Deerfi eld, IL), Sigma- 
Aldrich (St. Louis, MO) and Lipomed Inc. (Cambridge, MA). 
Reference standards are stored according to manufacturer’s 
recommendation.   

   8.    Quality control mixes: Mixes of 20–25 drugs prepared in 
50:50 methanol:acetonitrile, with each drug present at a fi nal 
concentration of 1 μg/mL. Each mix contains different drugs, 
such that all the drugs included in the method are represented 
in at least one mix. Drugs are not grouped into mixes by class; 
instead, each mix contains drugs with varying retention times 
and physical/chemical properties. Mixes are stable at −20 °C 
for 1 year, or until the stock standard solutions expire, which-
ever comes fi rst.      

       1.    Fentanyl-D5 Internal Standard Stock Solution (100 μg/mL) 
in methanol. Purchased from Cerilliant (Round Rock, TX).   

   2.    Fentanyl-D5 Internal Standard Working Solution (1 μg/mL) 
in specimen preparation buffer. Add 100 μL of Fentanyl-D5 
stock standard to 9.9 mL of specimen preparation buffer. 
Prepare 1 mL aliquots. Stable for 1 year at −20 °C, or until the 
stock solution expires, whichever comes fi rst.      

       1.    The goal of quality control is to verify instrument performance 
across all drug categories and across the chromatographic separa-
tion by injection of negative control and positive control samples. 

2.3  Internal 
Standards

2.4  Quality Controls
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To ensure adequate control of the 200+ drugs in the method, 
and to reduce waste of reagents and analytical time, the positive 
control samples are used on a rotating schedule. The number 
of different positive controls depends on the total number of 
drugs in the method, we use ten unique controls for 200 
drugs. Each day of testing a different quality control mixture is 
used, when we have completed 10 days of testing we will have 
verifi ed all 200 drugs in our method, and the next day we 
begin again with mix 1.   

   2.    Negative control: Drug-free human urine (UTAK 
Laboratories). Stable at 4 °C until expiration date on label.   

   3.    Positive controls: Quality control mixes are spiked into drug 
free human urine at a fi nal concentration of 100 ng/mL. Each 
positive control mix is stable at 4 °C for 30 days.      

       1.    Autosampler vials (2 mL) and caps with polytetrafl uoroethylene 
(PTFE)-lined septa (Agilent Technologies, Santa Clara, CA).   

   2.    Amber vials with PTFE-lined caps for drug and internal stan-
dard solutions (Grace Davison/Alltech, Deerfi eld, IL).   

   3.    HPLC columns (Kinetex C18, 2.6 μm, 3 × 50 mm) and guard 
columns (SecurityGuard ULTRA cartridges, C18) 
(Phenomenex, Torrance, CA).   

   4.    APCI calibration solution for 5600 TripleTOF ®  (ABSciex, Foster 
City, CA).      

       1.    An HPLC system compatible with ABSciex Analyst software 
(e.g., Shimadzu LC-20ADXR Prominence) with degasser, 
binary pump, solvent switching valve, temperature controlled 
autosampler, and temperature-controlled column compart-
ment (Shimadzu, Pleasanton, CA).   

   2.    Nitrogen generator capable of supplying curtain, collision, and 
source gases.   

   3.    A 5600 TripleTOF ®  quadrupole time-of-fl ight mass spectrom-
eter with a DuoSpray™ source and automatic calibrant delivery 
system (ABSciex, Foster City, CA).   

   4.    Analyst ®  1.5, PeakView ®  2.0, and MasterView™ 1.0 software 
with ChemSpider plug-in (ABSciex, Foster City, CA).       

3    Methods 

       1.    Aliquot approximately 1 mL of each patient urine specimen 
using a disposable, plastic transfer pipet into a 12 × 75 mm 
plastic test tube. Cap the tube.   

2.5  Supplies

2.6  Equipment

3.1  Stepwise 
Procedure
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   2.    Centrifuge all patient urine specimens for 10 min at 1500 ×  g  in 
the centrifuge.   

   3.    Label an amber autosampler vial for the negative control, posi-
tive control, and each patient urine. Due to the possibility of 
carryover, a double blank sample must be injected between 
each patient sample.   

   4.    Pipet 700 μL of sample preparation buffer into each vial.   
   5.    Pipet 100 μL of internal standard into each vial.   
   6.    Pipet 200 μL of negative control, positive control and patient 

urine to the correspondingly labeled vials.   
   7.    Pipet 1000 μL of sample preparation buffer into each double 

blank vial.   
   8.    Cap the vials and vortex to mix.   
   9.    Place the vials in the autosampler tray for testing.   
   10.    Inject 10 μL ( see   Note 2 ).      

       1.      Liquid chromatography     system : Column and mobile phase com-
positions are described in Subheading  2.1 .
   (a)    Injection volume: 10 μL.   
  (b)    Flow rate: 400 μL/min.   
  (c)    LC parameters:

 ●    0 min: 2 % MPB  
 ●   10 min: 98 % MPB  
 ●   Wash for 2 min at 100 % MPB  
 ●   Re-equilibrate for 2 min at 2 % MPB       

      2.    5600 QTOF mass spectrometer:
   (a)    Ion source: positive electrospray, 500 °C, ion spray volt-

age fl oating 5500 V, declustering potential 100 V.   
  (b)    Gas settings: source gas 1—30 PSI, source gas 2—30 PSI, 

curtain gas—25 PSI.   
  (c)    Ion release delay: 67.   
  (d)    Ion release width: 25.   
  (e)    Full-scan TOF MS from 50 to 700 Da.   
  (f)    Information-dependent acquisition of product ion spectra 

for ≤20 candidate ions per cycle.   
  (g)    Automatic calibration verifi cation of TOF and MS/MS 

mass accuracy every fi ve injections.          

   One of the rationales for collecting untargeted, full scan, HRMS 
data is that three different data analysis techniques can be used 
to maximize the information gleaned from each sample. 

3.2  Instrument 
Operating Conditions

3.3  Data Analysis
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Targeted analysis requires the most information about each 
compound, but identifi es compounds with very high confi -
dence. Suspect analysis requires less information, only empirical 
formula, but may produce numerous false-positive results. 
Suspect searching is subjected to the caveat that absence of evi-
dence is not evidence of absence. Untargeted analysis requires 
no a priori information, but is extremely laborious and has a low 
true-positive rate. All three types of data analysis described are 
performed using PeakView and MasterView software from 
ABSciex.

    1.    Targeted analysis: To perform targeted analysis, the analyst 
must know the accurate mass, chromatographic retention 
time, isotope pattern, and product ion spectrum of the tar-
geted compounds. Accurate mass and the expected isotope 
pattern can be predicted based on the empirical formula of the 
compound of interest. Retention times must be established 
and product ion spectra must be collected on the system 
where the method will be run. Product ion spectra can be col-
lected using a dedicated product ion scan and added to the 
compound library using Library View (ABSciex). Retention 
times are established by averaging the observed retention time 
from ≥3 injections on ≥2 individual columns. Targeted meth-
ods may include any number of compounds. An XIC list is 
built in MasterView using a precursor mass search of ±30 ppm, 
a retention time window of ±15 s, and a minimum peak inten-
sity of 1 count per second. Positivity is assessed using com-
bined scores. Any compound with a combined score ≥70, that 
passes visual inspection, is considered positive. The combined 
score is a weighted average of the following parameters: 10 % 
mass error, 10 % retention time error, 10 % isotope error, and 
70 % library match.   

   2.    Suspect analysis: The analyst only needs to know the accurate 
mass and expected isotope pattern for each compound in the 
XIC list in order to perform a suspect screen. Retention times 
and product ion spectra are not required. Using a meta-library 
of product ion spectra does increase the fi delity of the suspect 
search, but it is not essential. XIC lists can contain many thou-
sands of compounds. Results from a suspect search can be used 
to identify possible hits, but a reference standard must be 
ordered and the hit must be confi rmed with retention time and 
product ion spectral data. If library searching is enabled: com-
pounds with a combined score ≥78 are considered preliminary 
positive. Combined score is based on 10 % mass error, 20 % 
isotope error, and 70 % library match. If library searching is 
not enabled: compounds with a combined score of ≥76 are 
considered preliminary positive. Combined score is based on 
40 % mass error and 60 % isotope error.   
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   3.    Untargeted analysis: Untargeted analysis requires no a priori 
information on compounds present in the sample. Instead of 
telling the software what masses to look for, the software pro-
vides the user with a list of masses, product ion spectra, and 
peak intensities for ions in the sample. It is then up to the 
analyst to identify the relevant masses, an entirely empirical 
process. Once the masses are selected, the software uses the 
accurate mass and the isotope pattern to predict the molecular 
formula of the peak of interest. Typically, several possible for-
mulae are presented to the user, who has to select the correct 
one. While some possible formulae are obviously impossible, 
this step is also largely empirical and may require investigating 
several formulae. After selecting the correct formula, the user 
can transfer the information into the built in ChemSpider 
interface to attempt to determine the specifi c structural iso-
mer that is present in the sample. The ChemSpider plug-in 
can be confi gured to use fragmentation information to help 
select the correct structural isomer. Untargeted analysis can be 
used to identify tentative hits, but like suspect screening, a 
reference standard must be used to confi rm that the retention 
time and product ion spectrum match the compound in the 
sample. For most purposes, suspect analysis is a faster and 
more robust method of searching samples for an extended list 
of compounds.       

4    Notes 

     1.    All reagents, including water and solvents, must be analytical 
grade or better. All glassware used to prepare reagents should 
be free of detergents or other residue. For measurement pur-
poses, Class A volumetric glassware should be used.   

   2.    Due to the possibility of carryover, a double-blank sample 
must be injected between each patient sample.           
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    Chapter 18   

 Quantitation of Ethyl Glucuronide and Ethyl Sulfate 
in Urine Using Liquid Chromatography-Tandem Mass 
Spectrometry (LC-MS/MS)       

     Matthew     H.     Slawson      and     Kamisha     L.     Johnson-Davis       

  Abstract 

   Ethyl glucuronide and ethyl sulfate are minor conjugated metabolites of ethanol that can be detected in 
urine for several days after last ingestion of ethanol. The monitoring of ethanol use has both clinical and 
forensic applications and a longer detection window afforded by monitoring these metabolites is obvious. 
LC-MS/MS is used to analyze diluted urine with deuterated analogs of each analyte as internal standards 
to ensure accurate quantitation and control for any potential matrix effects. High aqueous HPLC is used 
to chromatograph the metabolites. Negative ion electrospray is used to introduce the metabolites into the 
mass spectrometer. Selected reaction monitoring of two product ions for each analyte allows for the calcu-
lation of ion ratios which ensures correct identifi cation of each metabolite, while a matrix-matched calibra-
tion curve is used for quantitation.  

  Key words     Ethyl glucuronide  ,   Ethyl sulfate  ,   Urine  ,   Mass spectrometry  

1      Introduction 

  Ethyl glucuronide   and  ethyl sulfate   are minor phase II  metabolites 
  of ethanol formed by enzymatic conjugation of ethanol with either 
glucuronic or sulfonic acid [ 1 ]. Ethanol is normally detected in 
urine for only a few hours after last ingestion [ 1 ], and ethanol can 
be produced under certain circumstances in vitro due to fermenta-
tion of urine samples [ 2 – 7 ]. Ethyl glucuronide and ethyl sulfate 
however, can be detected up to several days after last ingestion 
[ 8 – 17 ]. In recent years, ethyl glucuronide and ethyl sulfate have 
become useful diagnostic biomarkers for determining recent etha-
nol use in abstinence or other treatment programs [ 8 ,  13 ,  14 ,  18 –
 29 ]. Because ethyl glucuronide and ethyl sulfate are the products 
of biotransformation, their measurement can also be used to elimi-
nate the misidentifi cation of alcohol use due to in vitro fermenta-
tion processes [ 2 – 7 ]. Also, recent studies indicate the presence of 
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ethyl glucuronide in urine of people exposed to alcohol containing 
hygiene products such as mouthwash or hand sanitizer. The con-
comitant presence of ethyl sulfate in the urine has been suggested 
in minimizing this potential misinterpretation [ 30 – 32 ].  

2    Materials 

   Random urine collection. Specimens can be stored for at least 20 
days (refrigerated or frozen) prior to analysis.  

       1.    Mobile Phase A: 0.1 % formic acid in deionized water.   
   2.    Mobile Phase B: 0.1 % formic acid in acetonitrile.   
   3.    Certifi ed negative urine. Synthetic urine is NOT recommended 

( see   Note 1 ).      

       1.    Ethyl-β- D -glucuronide, 1.0 mg/mL in methanol (Cerilliant, 
Round Rock, TX).   

   2.    Ethyl sulfate sodium salt, 1.0 mg/mL (as ethyl sulfate) stock in 
methanol (Cerilliant, Round Rock, TX).   

   3.    Intermediate working standard solution containing ethyl gluc-
uronide and ethyl sulfate at 100 ng/μL in methanol:water 
(1:1): Add ~3 mL of methanol:water (1:1) to a 5 mL volumet-
ric fl ask. Add 0.5 mL of each calibrator reference material to 
the fl ask, QS to 5 mL with methanol:water (1:1), add a stir bar 
and stopper and mix for 30 min at room temperature. Aliquot 
as appropriate for subsequent use. Store frozen, stable for 1 
year. This volume can be scaled up or down as appropriate.   

   4.    Working calibrators: Add approximately 5 mL certifi ed nega-
tive urine to a labeled volumetric fl ask. Add the appropriate 
volume/concentration as shown in Table  1  of standard mate-

2.1  Samples

2.2  Reagents

2.3  Standards 
and Calibrators

    Table 1  
  Preparation of calibrators   

 Final concentration ng/mL  Solution μL  Stock solution concentration 

 10,000  100  1 mg/mL 

 7500  750  100 ng/μL 

 5000  500  100 ng/μL 

 1000  100  100 ng/μL 

 500   50  100 ng/μL 

 100   10  100 ng/μL 

  For each concentration, the total volume is made to 10 mL with drug-free human urine  
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rial to the fl ask. QS to 10 mL using certifi ed negative urine. 
Add a stir bar and stopper and mix for 30 min at room tem-
perature. Aliquot as appropriate for future use. Store aliquots 
frozen, stable for 1 year. This volume can be scaled up or down 
as appropriate ( see   Note 2 ).

              1.    Controls may be purchased from a third party (e.g. UTAK, 
Valencia, CA) and prepared according to the manufacturer. 
They can also prepared in-house independently from calibra-
tors’ source material using Table  1  as a guideline ( see   Note 2 ).   

   2.    Internal Standard: Ethyl-β- D -glucuronide-D 5  1.0 mg/mL in 
methan1 frozen, stable for 1 year ( see   Note 2 ).      

       1.    Transfer/aliquoting pipettes and tips.   
   2.    Instrument compatible autosampler vials with injector appro-

priate caps or 96 deepwell plate and capping mat.   
   3.    Synergi 2.5 μm Hydro-RP 100A HPLC column, size 

100 × 2 mm (Phenomenex, Torrance, CA).   
   4.    Security Guard Kit with Polar RP Security Guard Cartridges, 

4.0 × 2.0 mm ID (Phenomenex, Torrance, CA).   
   5.    Compatible centrifuge tubes (if needed, see below). These are 

to be used to centrifuge urine specimens assuming the collec-
tion containers are not compatible with a high speed 
centrifuge.      

       1.    High speed centrifuge capable of holding patient sample tubes 
or other compatible centrifuge tubes.   

   2.    Vortex mixer.   
   3.    Low dead volume binary HPLC pump, thermostatted column 

compartment with switching valve, vacuum degasser (Agilent, 
Santa Clara, CA), and DLW CTC PAL auto-sampler (Leap 
Technologies, Carrboro, NC).   

   4.    API 4000 LC-MS/MS system with Turbo Ion source running 
current version of Analyst software (ABSciex, Framingham, MA).       

3    Methods 

       1.    If necessary, transfer a representative portion of the patient 
sample to a compatible centrifuge tube. Centrifuge patient 
samples at ≥1000 ×  g  for 10 min to remove any particulates.   

   2.    Aliquot 50 μL of each clarifi ed patient sample, calibrator and 
QC into appropriately labeled autosampler vial or 96-well 
plate.   

   3.    Add 10 μL of internal standard to each vial or well.   

2.4  Controls 
and Internal Standard

2.5  Supplies

2.6  Equipment

3.1  Stepwise 
Procedure

Quantitation of Ethyl Glucuronide and Ethyl Sulfate in Urine Using Liquid…
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   4.    Add 500 μL of fresh CLRW to each vial or well.   
   5.    Cap each vial or plate and vortex briefl y.   
   6.    Analyze on LC-MS/MS.      

       1.    Table  2  summarizes typical LC conditions.
       2.    Table  3  summarizes typical MS conditions.
       3.    Table  4  summarizes typical MRM conditions.
       4.    Each instrument should be individually optimized for best 

method performance ( see   Notes 3 – 6 ).      

       1.    Representative MRM chromatograms of ethyl glucuronide 
and ethyl sulfate are shown in Fig.  1  ( see   Notes 3  and  7 ).

       2.    The dynamic range for this assay is 100–10,000 ng/mL for 
each analyte. Samples exceeding this range can be diluted 5× 
or 10× as needed to achieve an accurate calculated concentra-
tion, if needed ( see   Note 1 ).   

3.2  Instrument’s 
Operating Conditions

3.3  Data Analysis

   Table 2  
  Typical HPLC conditions   

 Cycle name  Analyst LC-Inj DLW standard_Rev05 

 Wash solvent 1  CLRW 

 Wash solvent 2  Methanol 

 Injection volume  5 L 

 Vacuum degassing  On 

 Temperature  30 °C 

 A reservoir  0.1 % HCOOH in CLRW 

 B reservoir  100 % acetonitrile 

 Gradient table 

 Step  Time (min)  Flow (μL/min)  A (%)  B (%) 

 0  0  300  100   0 

 1  1  300  100   0 

 2  2.5  300   85  15 

 3  3.25  300   55  45 

 4  3.3  300   10  90 

 5  3.8  350   10  90 

 6  4  350  100   0 

 7  5  300  100   0 
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   3.    Data analysis is performed using the Analyst software to inte-
grate peaks, calculate peak area ratios, and construct calibra-
tion curves using a linear 1/x weighted fi t ignoring the origin 
as a data point. Sample concentrations are then calculated 
using the derived calibration curves ( see   Note 2 ).   

   4.    Calibration curves should have  r  2  value ≥ 0.99.   
   5.    Typical imprecision is <15 % both inter- and intra-assay.   
   6.    An analytical batch is considered acceptable if chromatography 

is acceptable ( see   Note 3 ) and QC samples calculate to within 
20 % if their target values and ion ratios are within 20 % of the 
calibrator ion ratios ( see   Note 1 ).       

   Table 3  
  Typical mass spectrometer conditions   

 Parameter  Value 

 CUR  10 

 GS1  50 

 GS2  50 

 TEM  700 

 ihe  ON 

 CAD  4 

 IS  −4500 

 EP  −10 

 Scan type  MRM 

 Scheduled MRM  No 

 Polarity  Negative 

 Scan mode  N/A 

 Ion source  Turbo spray 

 Resolution Q1  Unit 

 Resolution Q3  Low 

 Intensity thres.  0.00 cps 

 Settling time  0.0000 ms 

 MR pause  5.0070 ms 

 MCA  No 

 Step size  0.00 Da 

 Dwell (ms)  100 

Quantitation of Ethyl Glucuronide and Ethyl Sulfate in Urine Using Liquid…
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4    Notes 

     1.    Ion suppression can occur in human urine at the retention time 
window for ethyl glucuronide. This ion suppression does not 
occur in synthetic urine, processed urine (i.e., fi ltered, frozen, 
diluted, etc.) or water alone. It is therefore important that cali-
brators and QCs be prepared in unprocessed human urine to 
ensure an equivalent instrument response between control and 
patient samples. The suppression affects the analyte and I.S. 
equally and is fairly consistent among typical urine specimens. 
Ion suppression should be effectively controlled by the labeled 
internal standard; however, internal standard signal should be 
reviewed in each specimen and any signifi cant deviation in area 
counts should be investigated for excessive ion suppression. 
Sample dilution may be appropriate to compensate for exces-
sive ion suppression, but may compromise the ability to report 

   Table 4  
  Typical MRM conditions   

 Analyte  Q1 Mass (Da)  Q3 Mass (Da)  Param 

  Ethyl sulfate   (qualifi er)  124.8  79.8  DP   = −38.00 
 CE   = −36.00 
 CXP =  −6.50 

 Approx. retention time  1.4 min 

  Ethyl sulfate   (quant.)  124.8  96.8  DP   = −38.00 
 CE   = −22.00 
 CXP =  −6.50 

 Approx. retention time  1.4 min 

 Ethyl sulfate-D5 (internal standard)  130.1  98.1  DP   = −38.00 
 CE   = −22.00 
 CXP =  −6.50 

 Approx. retention time  1.4 min 

  Ethyl glucuronide   (qualifi er)  220.6  74.8  DP   = −44.00 
 CE   = −22.00 
 CXP =  −5.00 

 Approx. retention time  2.5 min 

  Ethyl glucuronide   (quant.)  220.6  84.9  DP   = −44.00 
 CE   = −22.00 
 CXP =  −5.00 

 Approx. retention time  2.5 min 

 Ethyl gluc.-D5 (internal standard)  226.1  85.1  DP   = −44.00 
 CE   = −22.00 
 CXP =  −5.00 

 Approx. retention time  2.4 min 
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low concentrations of analyte. Ion suppression may also occur 
due to extremely high concentrations of ethyl glucuronide in 
the specimen; in this case sample dilution may be appropriate 
for an accurate concentration to be determined.   

   2.    Validate/verify all calibrators, QCs, internal standard before 
placing into use.   

   3.    A large endogenous peak ( see  Fig.  1 ) typically elutes in human 
urine specimens in the MRM window for the ethyl sulfate 
qualifi er ion (124.8 → 79.8). This can be controlled with the 
use of a divert valve or if more chromatographic separation is 
required, a longer column may be employed at the cost of a 
longer run cycle time.   

   4.    This method uses negative ion electrospray; excessive arcing at 
the ESI needle tip is possible and can compromise the perfor-
mance of this assay and therefore must be minimized:
   (a)    Ensure the ESI needle tip does not protrude too far out 

the end of the probe.   

  Fig. 1    Typical MRM chromatogram for  ethyl glucuronide   and  ethyl sulfate  . 1000 ng/mL diluted from fortifi ed 
human urine and analyzed according to the described method       
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  (b)    Maintain the spray voltage as low as possible without com-
promising ion signal.   

  (c)    Utilize zero grade air in the nebulizer instead of pure 
Nitrogen.       

   5.    Maintain cleanliness of the source by maintaining a fl ow of 
curtain gas that does not compromise method performance.   

   6.    HPLC conditions for this method utilize high aqueous to 
achieve retention of ethyl sulfate on the LC column. It is 
important to minimize the amount of organic solvent that the 
sample contacts prior to introduction into the instrument or 
retention times and peak shapes will be compromised. For 
example:
   (a)    Excessive organic solvent in the sample prep.   
  (b)    Strong solvent as the fi nal wash cycle of the autosampler. 

Ensure that strong wash solvent (>1 % organic) does not 
remain in the injector path as a result of the DLW wash 
cycle. Use 100 % aqueous in wash reservoir#1 as suggested 
in the CTC DLW documentation.       

   7.    The response for ethyl glucuronide is 1–2 orders of magnitude 
less than ethyl sulfate at an equivalent concentration.         
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    Chapter 19   

 Quantifi cation of Hydroxychloroquine in Blood Using 
Turbulent Flow Liquid Chromatography-Tandem Mass 
Spectrometry (TFLC-MS/MS)       

     Allison     B.     Chambliss    ,     Anna     K.     Füzéry    , and     William     A.     Clarke      

  Abstract 

   Hydroxychloroquine (HQ) is used routinely in the treatment of autoimmune disorders such as rheumatoid 
arthritis and lupus erythematosus. Issues such as marked pharmacokinetic variability and patient non- 
compliance make therapeutic drug monitoring of HQ a useful tool for management of patients taking this 
drug. Quantitative measurements of HQ may aid in identifying poor effi cacy as well as provide reliable 
information to distinguish patient non-compliance from refractory disease. We describe a rapid 7-min assay 
for the accurate and precise measurement of HQ concentrations in 100 μL samples of human blood using 
turbulent fl ow liquid chromatography coupled to tandem mass spectrometry. HQ is isolated from EDTA 
whole blood after a simple extraction with its deuterated analog, hydroxychloroquine-d4, in 0.33 M per-
chloric acid. Samples are then centrifuged and injected onto the TFLC-MS/MS system. Quantifi cation is 
performed using a nine-point calibration curve that is linear over a wide range (15.7–4000 ng/mL) with 
precisions of <5 %.  

  Key words     Hydroxychloroquine  ,   Therapeutic drug monitoring  ,   Turbulent fl ow liquid chromatography  , 
  Tandem mass spectrometry  ,   Blood  ,   Quantifi cation  

1      Introduction 

     Hydroxychloroquine (HQ)  , 2-[4-[(7-chloroquinolin-4-yl)amino]
pentyl- ethylamino] ethanol  , is a hydroxylated form of chloroquine, 
an  aminoquinoline   fi rst synthesized in the 1930s for the treatment 
of malaria. Since then, HQ has also shown effectiveness in the 
treatment of several autoimmune and infl ammatory disorders 
including lupus erythematosus, rheumatoid  arthritis  , chronic Q 
fever, Sjögren’s syndrome, and various skin diseases [ 1 ]. 

 HQ is commonly prescribed in oral doses of 200 or 400 mg 
per day. However, HQ is characterized by a long delay in onset of 
action and demonstrates wide pharmacokinetic variability among 
patients. Elimination half-life is estimated at up to 40 days [ 2 ]. 
Several studies indicate that low blood HQ concentrations may 
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predict disease exacerbation [ 3 ,  4 ]. Additionally, measurement of 
blood HQ concentrations can identify patients considered non- 
compliant to treatment regimens and may improve management of 
refractory disease [ 5 ]. 

 Previous methods of quantifying HQ blood levels, which 
included HPLC with fl uorescence detection, consisted of extensive 
preparatory steps and run times of at least 15 min [ 6 ,  7 ].  Liquid 
chromatography   paired with  mass spectrometry   may offer a more 
effi cient method for HQ analysis [ 8 ]. The following chapter 
describes a simple, rapid (7 min), accurate and precise method to 
measure HQ in whole blood samples using  turbulent fl ow liquid 
chromatography   coupled to electrospray-positive ionization  tan-
dem mass spectrometry   (TFLC-MS/MS) [ 9 ]. In this assay, HQ is 
isolated from 100 μL of EDTA whole blood after a simple extrac-
tion with an internal standard, hydroxychloroquine-d4, in perchlo-
ric acid solution. Samples are then centrifuged and ready to be 
injected onto the TFLC-MS/MS system.  

2    Materials 

   Whole blood samples collected by standard venipuncture are 
required for analysis. Whole blood should be collected in EDTA 
tubes. Prior to analysis, specimens should be stored at 4 °C and 
analyzed within 2 weeks. Specimens may be stored at −20 °C for 
up to 6 months.  

       1.    Perchloric acid, 70 % solution in water.   
   2.    Mobile Phase A (10 mM ammonium formate and 0.1 % formic 

acid in water): Add 0.7 mL of ammonium hydroxide stock and 
1.4 mL of formic acid to a 1 L volumetric fl ask fi lled with 
990 mL of water. Bring to full volume with water. Stable at 
25 °C for up to 1 month.   

   3.    Mobile Phase B (10 mM ammonium formate and 0.1 % formic 
acid in methanol): Add 0.7 mL of ammonium hydroxide stock 
and 1.4 mL of formic acid to a 1 L volumetric fl ask fi lled with 
990 mL of methanol. Bring to full volume with methanol. 
Stable at 25 °C for up to 1 month.   

   4.    Mobile Phase C (40:40:20 isopropanol, acetonitrile, acetone): 
Fill a 4 L screw-cap glass bottle with 1.6 L of isopropanol. Add 
1.6 L of acetonitrile and 800 mL of acetone. Close bottle and 
invert, allow to vent, then close and store. Stable at 25 °C for 
up to 1 week.   

   5.    0.33 M perchloric acid solution: Add 14.27 mL of 70 % per-
chloric acid to a 500 mL volumetric fl ask. Fill to full volume 
with water and invert to mix. Decant into glass bottle. Stable 
at 4 °C for up to 6 months.   

   6.    Human drug-free pooled EDTA (lavender top) blood.      

2.1  Samples

2.2  Solvents 
and Reagents
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       1.    Primary standard: Hydroxychloroquine sulfate.   
   2.    Primary internal standard: Hydroxychloroquine-d4 sulfate.   
   3.    Internal standard stock solution: Add 1 mL of water to 1 mg 

of hydroxychloroquine-d4 to make a 1 mg/mL solution. 
Stable at 4 °C for up to 6 months.   

   4.    Internal Standard Working Solution: Add 10 μL of the 1 mg/mL 
hydroxychloroquine-d4 stock to 499.990 mL 0.33 M perchlo-
ric acid to make a 20 ng/mL solution. Stable at 4 °C for up to 
6 months.      

       1.    Calibrators: Prepare Calibrator 9 at 4000 ng/mL by spiking 
80 μL of a 1 mg/mL solution of hydroxychloroquine into 
20 mL of EDTA blood. Prepare Calibrators 1–8 by making 
serial dilutions of Calibrator 9 as described in Table  1 . For 
each dilution step, add 10 mL of the previous spiked calibra-
tor with 10 mL of drug-free blood and mix. The calibrators 
should be aliquoted to 500 μL and are stable at −80 °C for up 
to 1 year.

       2.    Controls: As described in Table  2 , prepare a 1500 ng/mL 
“high” control by spiking 30 μL of a 1 mg/mL solution of 
hydroxychloroquine into 20 mL of EDTA blood. Prepare a 
50 ng/mL “low” control by spiking 1 μL of a 1 mg/mL 
solution of hydroxychloroquine into 20 mL of EDTA blood. 
The controls should be aliquoted to 500 μL and are stable at 
−80 °C for up to 1 year.

2.3  Internal 
Standards 
and Standards

2.4  Calibrators 
and Controls

   Table 1  
  Preparation of  hydroxychloroquine   calibrators   

 Calibrator 
 Volume of previous 
standard (mL) 

 Drug-free whole 
blood (mL) 

 Final concentration 
(ng/mL) 

 9  0.08 (1 mg/mL 
stock solution) 

 20  4000 

 8  10 (#9)  10  2000 

 7  10 (#8)  10  1000 

 6  10 (#7)  10  500 

 5  10 (#6)  10  250 

 4  10 (#5)  10  125 

 3  10 (#4)  10  62.5 

 2  10 (#3)  10  31.25 

 1  10 (#2)  10  15.65 

Quantifi cation of Hydroxychloroquine in Blood Using TFLC-MS/MS
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              1.    ThermoFisher TSQ Vantage tandem mass spectrometer with 
HESI probe.   

   2.     TFLC   column: Cyclone, 50 × 0.5 mm.   
   3.    Analytical column: Hypersil Gold C8, 3 μm, 50 × 2.1 mm.   
   4.    1.5 mL microcentrifuge tubes.   
   5.    Assign instrumental operating parameters according to 

Tables  3  and  4 . Parameters are instrumentation-specifi c.

2.5  Analytical 
Equipment 
and Supplies

    Table 3  
  HPLC gradient for detection  of   hydroxychloroquine   

  TFLC   system 
 Cyclone 50 × 0.5 mm 

 LX system 
 HypersilGold C8 
50 × 2.1 mm, 70 °C 

 Step 

 Start 
time 
(min) 

 Duration 
(s) 

 Flow 
(mL/
min)  Grad  %A a   %B b   %C c   TEE  Loop 

 Flow 
(mL/
min)  Grad  %A a   %B b  

 1  0  30  1.50  Step  100.0  –  –  –  Out  0.70  Step  100.0  – 

 2  0.50  30  0.20  Step  100.0  –  –  TEE  In  0.70  Step  100.0  – 

 3  1.00  30  1.00  Step  –  –  100.00  –  In  0.70  Ramp  50.0  50.0 

 4  1.50  30  1.00  Step  –  100.0  –  –  In  0.70  Ramp  25.0  75.0 

 5  2.00  30  1.00  Step  –  –  100.00  –  In  0.70  Ramp  –  100.0 

 6  2.50  30  1.00  Step  –  100.0  –  –  In  0.70  Ramp  100.0  – 

 7  3.00  30  0.50  Step  100.0  –  –  –  In  0.70  Ramp  –  100.0 

 8  3.50  45  1.00  Step  65.0  35.0  –  –  In  0.70  Step  –  100.0 

 9  4.25  45  1.50  Step  100.0  –  –  –  Out  0.70  Step  100.0  – 

   a Mobile Phase A: 10 mM ammonium formate and 0.1 % formic acid in water 
  b Mobile Phase B: 10 mM ammonium formate and 0.1 % formic acid in methanol 
  c Mobile Phase C: 40:40:20 isopropanol, acetonitrile, acetone  

   Table 2  
  Preparation of  hydroxychloroquine   quality controls   

 Control 
 Volume of 1 mg/mL 
stock solution (μL) 

 Drug-free whole 
blood (mL) 

 Final concentration 
(ng/mL) 

 High  30  20  1500 

 Low   1  20  50 
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3             Methods 

       1.    Pipet 100 μL of whole blood to a 1.5 mL microcentrifuge 
tube.   

   2.    Add 1000 μL of Internal Standard Working Solution to the 
blood.   

   3.    Cap and vortex the mixture for 30 s.   
   4.    Centrifuge the sample at 13,400 ×  g  for 5 min.   
   5.    Transfer the supernatant to a glass vial for loading into the 

autosampler.   
   6.    Inject 10 μL of sample onto the TFLC-MS/MS system.   
   7.    Instrumental operating parameters are given in Tables  3  and  4 . 

Include a 2 min wash step between samples ( see   Note 1 ).      

       1.    Data are analyzed using Thermo Scientifi c TraceFinder soft-
ware ( see   Note 2 ). The program uses the values obtained for 
the calibrators to construct a calibration curve based on the 
ratio of each calibrator to the internal standard. This calibra-
tion curve is then used to quantitate the unknowns.   

   2.     Liquid chromatography   retention times for hydroxychloro-
quine and hydroxychloroquine-d4 are set at 2.08 ± 0.4 min 
( see  Fig.  1 ).

3.1  Stepwise 
Procedure

3.2  Analysis

    Table 4  
  TSQ Vantage instrument parameters and ion transitions   

 Spray voltage (V)  4000 

 Sheath gas pressure  40 

 Ion sweep gas pressure  2.0 

 Aux gas pressure  20 

 Capillary temperature (°C)  200 

   Hydroxychloroquine    

 Parent ion  336.2 

 Product ion  247.1 

 Collision energy  20 

 S-lens RF amplitude  133 

  Hydroxychloroquine-d4  

 Parent ion  340.2 

 Product ion  251.1 

 Collision energy  21 

 S-lens RF amplitude  137 

Quantifi cation of Hydroxychloroquine in Blood Using TFLC-MS/MS
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       3.    The linear range for the assay is the same as the calibration 
limits of 15.7–4000 ng/mL with precisions of <5 % over the 
entire range. The lowest concentration that resulted in a CV of 
20 % was determined to be 6.0 ng/mL. However, specimens 
that are lower than the lowest calibrator are reported as less 
than that value (“<15.7 ng/mL”).  See   Notes 3  and  4  for fur-
ther information regarding linearity and accuracy, respectively.       

4    Notes 

     1.    A challenge in the development of this assay was signifi cant 
carryover from one sample to the next. A rigorous validation 
of carryover was conducted as previously described by running 
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  Fig. 1    TFLC-MS/MS ion chromatograms of  hydroxychloroquine   and hydroxychloroquine-d4       
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“high” (2000 ng/mL) and “low” (15.7 ng/mL) spiked controls 
in various sequences [ 9 ]. Inclusion of a 2 min wash step after 
elution of hydroxychloroquine signifi cantly minimized carry-
over, defi ned as the mean of low–low results subtracted from 
the mean of high–low results, to within <3 standard deviations 
of the low–low results.   

   2.    It is important to note the shapes of the standard peaks to 
verify that the drug has eluted in well resolved symmetrical 
peaks. If this has not occurred, it is indicative of a problem 
with the run. Additionally, each sample peak should be evalu-
ated for quality. If a peak is excessively jagged, noisy, or devi-
ates from a bell shape, data for this injection must not be used 
and troubleshooting must be performed.   

   3.    Though a majority of reported HQ concentrations fall between 
50 and 1700 ng/mL, at least one reported level exceeded 
2000 ng/mL [ 10 ]. For any specimens greater than the highest 
calibrator, a dilution should be made with drug-free whole 
blood. Add 100 μL of sample to 100 μL of drug-free EDTA 
blood, mix gently by inverting, and extract as normal. Dilutions 
of concentrations as high as 4000 ng/mL were validated with 
this assay and yielded a CV of within 3 % at each level. 
Therefore, we have added a 4000 ng/mL high-end calibrator 
to the assay to cover all anticipated result values.   

   4.    Because a reference method for this assay does not exist, this 
assay was validated with side-by-side comparisons of samples 
both analyzed in-house and sent to a reference laboratory for 
analysis by LC-MS/MS as previously described [ 9 ]. Deming 
regression and statistical analysis yielded a Pearson correlation 
of 0.9974, indicating excellent correlation over the concentra-
tion range of 15–2000 ng/mL. Because no profi ciency testing 
for hydroxychloroquine is available at this time, our laboratory 
participates in a twice yearly sample exchange with another 
laboratory performing hydroxychloroquine testing to establish 
acceptability criteria.            
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    Chapter 20   

 Quantifi cation of Iohexol in Serum by High-Performance 
Liquid Chromatography-Tandem Mass Spectrometry 
(LC- MS/MS)       

     Faye     B.     Vicente    ,     Gina     Vespa    ,     Alan     Miller    , and     Shannon     Haymond      

  Abstract 

   Iohexol is a nonradioactive contrast medium, and its clearance from serum or urine is used to measure 
glomerular fi ltration rate (GFR). GFR is the most useful indicator of kidney function and progression of 
kidney disease. GFR determination using iohexol clearance is increasingly being applied in clinical practice, 
given its advantages over and correlation with inulin. We describe a high-performance liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) method for iohexol clearance, requiring only 50 μL of 
serum. The sample preparation involves protein precipitation with LC/MS-grade methanol, containing 
ioversol as the internal standard. Samples are centrifuged and supernatant is dried under nitrogen gas at 
room temperature. Samples are reconstituted with mobile phase (ammonium acetate—formic acid—
water). Iohexol is separated using an HPLC gradient method on a C-8 analytical column. MS/MS detec-
tion is in the multiple-reaction monitoring (MRM) mode and the transitions monitored are  m/z  822.0 to 
 m/z  804.0 and  m/z  807.0 to  m/z  588.0 for iohexol and ioversol, respectively.  

  Key words     Iohexol  ,   Glomerular fi ltration rate  ,   Mass spectrometry  ,   Liquid chromatography  ,   Serum  , 
  Quantifi cation  

1      Introduction 

   Measured  glomerular   fi ltration rate (mGFR)    is the best indicator 
of renal function in children and  adolescents  . Accurate assessment 
of  GFR   is critical for diagnosing acute and chronic kidney disease, 
providing early intervention to prevent end-stage renal failure, 
safely prescribing nephrotoxic and renally cleared drugs, and 
monitoring for adverse side effects from medications. Estimates of 
 GFR   are commonly calculated using equations based on creati-
nine and other parameters (e.g., BUN, cystatin C, race, gender, 
weight, and height). Although relatively inexpensive and conve-
nient, creatinine- based clearance is limited due to dependence on 
muscle mass,  relative insensitivity to detect small changes in renal 
function and the assumption that extra renal clearance of creatinine 
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is small. In children and adolescents, these equations are particularly 
problematic [ 1 ]. The largest study in children that has directly 
compared estimating equations with iohexol clearance mGFR 
showed that the best eGFR formula yielded 87.7 % of eGFR within 
30 % of the iohexol-based mGFR and 45.6 % within 10 % [ 2 ]. 
Efforts continue to refi ne and improve estimating equations for 
use in pediatrics but there are frequently cases where an accurate 
and clinically useful method for determination of measured  GFR   is 
needed to assess pediatric kidney function. Iohexol (Omnipaque™, 
GE Healthcare) is an iodinated, water-soluble, nonionic mono-
meric contrast medium, and it is a suitable marker for  GFR  , as it is 
not secreted, metabolized, or reabsorbed by the kidney [ 3 ]. 

 The “gold standard” for  GFR   measurement has been by inulin 
clearance. However, inulin clearance requires timed urine collec-
tions, technically diffi cult assays and inulin is no longer readily 
available in the USA. Iohexol clearance to determine  GFR   is a 
comparable alternative to inulin these approaches yield highly cor-
related values for GFR [ 4 ,  5 ].  GFR   determination using iohexol 
clearance has been increasingly accepted and applied in clinical 
practice because it is accurate, readily available, nonradioactive, 
safe, and used intravenously even in the presence of renal disease 
[ 2 ,  6 ]. This chapter describes a high-performance liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) method for 
iohexol clearance, requiring only 50 μL of serum.  

2    Materials 

   Serum with no gel separator. Samples are stable for 24 h at 4 °C 
and 3–4 months at −20 °C up to three freeze/thaw cycles.  

       1.    Special reagent water (SRW) obtained from Millipore Milli-Q 
Integral 5 Water Purifi cation System.   

   2.    Ammonium acetate HPLC grade, 1 M, prepared with special 
reagent water. Stable at 4 °C for 1 month.   

   3.    Mobile phase A and purge solvent (2 mM ammonium ace-
tate/0.1 % (v/v) formic acid in SRW): Add 2 mL of 1 M 
ammonium acetate solution and 1 mL formic acid to 1 L water. 
Stable at room temperature for 2 weeks.   

   4.    Mobile phase B (2 mM ammonium acetate/0.1 % (v/v) for-
mic acid in methanol): Add 2 mL of 1 M ammonium acetate 
 solution and add 1 mL formic acid to 1 L methanol. Stable at 
room temperature for 2 weeks.   

   5.    Column wash solvent (50 % methanol in water): Mix 500 mL 
of water and 500 mL of methanol in a 1-L solution bottle. 
Stable at room temperature for 1 month.   

2.1  Samples

2.2  Solvents 
and Reagents
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   6.    Needle wash solvent (100 % methanol): Stable at room 
temperature for 1 month.   

   7.    Charcoal dextran-stripped human serum.      

       1.    Primary standard: Iohexol (U.S. Pharmacopeial Convention).   
   2.    Iohexol calibrator stock solutions (100–20,000 μg/mL pri-

mary standard in SRW):
   (a)    Add 200 mg primary standard to 10 mL volumetric fl ask, 

bring to volume with SRW, and mix well by inversion. 
This iohexol standard stock solution 1 is 20,000 μg/mL. 
Stable at −70 °C for 2 years.   

  (b)    Add 5 mL of the previous solution to 10 mL volumetric 
fl ask, bring to volume with SRW, and mix well by inversion. 
This iohexol standard stock solution 2 is 10,000 μg/mL. 
Stable at −70 °C for 2 years.   

  (c)    Add 0.5 mL of standard stock solution 1 to 10 mL volu-
metric fl ask, bring to volume with SRW, and mix well by 
inversion. This iohexol standard stock solution 3 is 
1000 μg/mL. Stable at −70 °C for 2 years.   

  (d)    Add 1 mL of standard stock solution 3 to 10 mL volumetric 
fl ask, bring to volume with SRW, and mix well by inversion. 
This iohexol standard stock solution 4 is 100 μg/mL. 
Stable at −70 °C for 2 years.       

   3.    Calibrators (10–1000 μg/mL in SRW): Prepare calibrators 
1–4 by diluting the standard stock solutions according to 
Table  1 . For each dilution step: Add appropriate amount of 
standard stock solution(s) as shown in Table  1  to 10 mL volu-
metric fl ask(s) and bring to volume with serum. Mix well by 
inversion after each dilution step. Stable at −70 °C for 2 years 
( see   Note 1 ).

       4.    HPLC/MS check standard (0.2 μg/mL in SRW): Add 0.5 mL 
of standard stock solution 4 to 250 mL volumetric fl ask, 
bring to volume with SRW, and mix well by inversion. Stable 
at −70 °C for 2 years.      

2.3  Standards 
and Calibrators

    Table 1  
  Preparation of calibrators   

 Calibrator 
 Volume of standard 
stock solution (mL) 

 Volume of special 
reagent water (mL) 

 Final concentration 
(μg/mL) 

 1  0.5 (stock solution 1)  9.5  1000 

 2  0.5 (stock solution 2)  9.5   500 

 3  1.0 (stock solution 3)  9.0   100 

 4  1.0 (stock solution 4)  9.0    10 

Quantifi cation of Iohexol in Serum by High-Performance Liquid…
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       1.    Primary internal standard (I.S.): Ioversol (U.S. Pharmacopeial 
Convention).   

   2.    I.S. working solution/protein precipitation solution (40 μg/mL 
primary I.S. in methanol):
   (a)    Add 50 mg of primary I.S. to 10 mL volumetric fl ask; 

bring to volume with methanol and mix. This intermedi-
ate solution is 5000 μg/mL. Stable at −70 °C for 2 years.   

  (b)    Add 2 mL of previous solution to 250 mL volumetric fl ask, 
bring to volume with methanol and mix. Stable at −70 °C 
for 2 years or −20 °C for 3 months.       

   3.    Iohexol quality control stock solutions (650–6500 μg/mL 
primary standard in serum):
   (a)    Primary standard is separately weighed or from a different 

lot than that used for calibrators.   
  (b)    Add 65 mg of primary standard to 10-mL volumetric 

fl ask, bring to volume with special reagent water, and mix 
well by inversion. This iohexol quality control stock solu-
tion 1 is 6500 μg/mL. Stable at −70 °C for 2 years.   

  (c)    Add 1 mL of previous solution to 10 mL volumetric fl ask, 
bring to volume with special reagent water and mix well 
by inversion. This iohexol quality control stock solution is 
650 μg/mL. Stable at −70 °C for 2 years.       

   4.    Quality controls (13, 130, 780 μg/mL in serum): Prepare 
low, medium, and high controls by diluting quality control 
stock solutions as shown in Table  2 . For each dilution step: 
Add appropriate amount of quality control stock solutions as 
shown in Table  2  to 25 mL volumetric fl ask and bring to volume 
with serum. Mix well by inversion after each dilution step. 
Stable at −70 °C for 2 years ( see   Note 1 ).

              1.    12 × 32 mm glass screw cap with conical bottom HPLC vials.   
   2.    1.2 mL polypropylene cryogenic vials. These are used to store 

calibrators, controls, and check standard.   

2.4  Internal 
Standard and Quality 
Controls

2.5  Supplies

    Table 2  
  Preparation of quality controls   

 Quality control 
 Volume of control 
stock solution (mL) 

 Drug-free 
serum (mL) 

 Final concentration 
(μg/mL) 

 Low  0.5 (stock solution 2)  24.5   13 

 Medium  0.5 (stock solution 1)  24.5  130 

 High  3.0 (stock solution 1)  24.5  780 
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   3.    Analytical column: Phenomenex Luna C8, 3 μm 50 × 3.0 mm 
I.D.   

   4.    Guard column: Phenomenex C8, 4 × 2.0 mm I.D.      

       1.    Waters 2795 Alliance HT Separation Module with Micromass 
Quattro Micro API equipped with MassLynx.   

   2.    Hamilton MicroLab Nimbus4 automated multi-channel pipet-
ting workstation.   

   3.    Thermo Scientifi c Reacti-Therm III Heating/Stirring Module.       

3    Methods 

        1.    Ensure that the instrument is properly tuned and verify system 
performance (s ee   Notes 2  and  3 ).   

   2.    Pipette 50 μL of sample (calibrators, quality controls, serum 
blank, and patient sera) to labeled 1.5 mL microcentrifuge 
tubes ( see   Notes 4  and  5 ).   

   3.    Add 400 μL of the precipitation solution ( see   Note 4 ).   
   4.    Cap and vortex mix tubes for 30 s.   
   5.    Centrifuge at 9015 rcf or higher for 1 min at room 

temperature.   
   6.    Transfer 100 μL supernatant into labeled 13 × 100 mm glass 

culture tubes ( see   Note 4 ).   
   7.    Using the Thermo Scientifi c Reacti-Therm III Heating/

Stirring Module, dry samples under nitrogen gas at room tem-
perature for 15 min (or until completely dry) ( see   Note 6 ).   

   8.    Reconstitute the supernatant by adding 2.0 mL mobile phase 
A ( see   Note 4 ).   

   9.    Cap the tubes and vortex mix thoroughly 10 s ( see   Note 4 ).   
   10.    Centrifuge at 1430–1500 rcf for 5 min.   
   11.    Transfer solution to appropriately labeled autosampler vials ( see  

 Note 4 ).   
   12.    Inject 3 μL of sample onto LC-MS/MS.      

       1.    Instrumental operating parameters are given in Table  3  
( see   Notes 7 – 9 ).

       2.    Analyze the data using the QuanLynx software (Waters 
Corporation).   

   3.    With each analytical run, a 4-point standard calibration curve is 
created by linear regression forced to the origin based on 
iohexol/internal standard peak area ratios using the quantifying 

2.6  Equipment

3.1  Stepwise 
Procedure

3.2  Analysis
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ions indicated in Table  4 . The concentrations of the controls 
and unknown samples are determined from the curve.

       4.    The expected retention times for iohexol and ioversol are 
2.36 min (acceptable range: 2.16–2.56 min) and 2.14 min 
(acceptable range: 1.94–2.34 min), respectively. Representative 
ion chromatograms for iohexol and I.S. are shown in Fig.  1 .

       5.    Verify the performance during the analytical run by monitor-
ing the internal standard peak area. An acceptable limit 
should be defi ned during method development or validation. 

   Table 3  
  LC-MS/MS operating conditions   

  A. HPLC   a   

 Column temperature  Room temperature 

 Flow rate  0.500 mL/min 

 Gradient  Time (min) 
 0.00 
 3.00 
 5.00 
 5.50 

 Mobile phase A (%) 
 98.0 
 0.0 
 0.0 
 98.0 

 Curve 
 1 
 6 
 6 
 6 

  B. MS/MS tune settings   b   

 Capillary voltage (kV)  1.4 

 Source temperature (°C)  130 

 Desolvation 
temperature (°C) 

 400 

 Cone gas (L/h)  35 

 Desolvation gas (L/h)  700 

 Collision gas pressure 
(mbar) 

 3.70 e-3 

 LM1 resolution  14.5 

 HM1 resolution  14.5 

 Ion energy 1  0.5 

 MS/MS entrance  −2 

 MS/MS exit  1 

 LM2 resolution  13.2 

 HM2 resolution  13.2 

 Ion energy 2  2.3 

   a The total run time is 7.5 min. Solvent fl ow was diverted from the source to waste at 
0–1 min and at 5–7.5 min 
  b Tune settings may vary slightly between instruments  
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We determined 850 to be the minimum acceptable IS peak area 
in our method. Re-inject the sample if the internal standard 
peak area is below the acceptance limit. If after re-injection, 
the internal standard peak area is still below the limit, deter-
mine the signal- to- noise ratio of the iohexol peak. Signal-to-
noise ratio greater than 10 is acceptable for reporting.   

   6.    Evaluate for carryover effects in the serum blank injected after 
Calibrator 1. Carryover is signifi cant when iohexol concentra-
tion in the serum blank is greater than 3.2 μg/mL and in the 
low-quality control injected immediately after the high-quality 
control is greater than the two standard deviations of the target 
value and/or assigned mean. 3.2 μg/mL was selected as the 
carryover limit since it was the lowest detectable concentration 
determined during method validation. If carryover is signifi -
cant, troubleshoot and perform corrective action. Repeat the 
evaluation to demonstrate that carryover is no longer detected.   

   Table 4  
  MRM method parameters for  iohexol   and ioversol   

 Analyte 
 Precursor 
ion (M+H) +   Product ion  Dwell (s)  Cone (V)  Collision (eV) 

 Interchannel 
delay (s) 

 Inter-scan 
delay (s) 

 Iohexol  821.9  803.7  0.2  38  21  0.03  0.03 

 Ioversol  807.9  588.7  0.2  38  24  0.03  0.03 

  Fig. 1    Representative LC-MS/MS ion chromatograms of  iohexol   (21.5 μg/mL) and ioversol (39.7 μg/mL) in 
human serum       
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   7.    Run is acceptable if the calculated concentrations in the control 
samples are within two standard deviations of the target values 
and/or assigned means.   

   8.    The method is linear from 7.8 to 2000.0 μg/mL with intra- 
and inter-day precision of <4 %. Correlation with a reference 
method (Mario Negri Institute, Italy) demonstrated good 
agreement with a slope of 1.019, an intercept of −1.385 and a 
correlation coeffi cient of 0.996.   

   9.    No signifi cant ion suppression or matrix effect was found in 
charcoal-stripped serum (used for preparing calibrators and 
quality controls), hemolyzed and lipemic serum, and pooled 
serum from kidney diseases and general pediatric patients.       

4    Notes 

     1.    Calibrators and quality controls are pre-aliquoted and stored 
in −70 °C until use. Pipette 125 μL of the calibrator and qual-
ity controls solutions into 1.2 mL cryogenic vials. Opened vials 
are stable for 14 days at −20 °C.   

   2.    Tuning the mass spectrometer: To adjust the mass spectrome-
ter parameters for optimum sensitivity and stability of ions 
measured, 10 μg/mL tuning solutions of iohexol and ioversol 
are infused into the ion source at 10 μL/min while solvent 
from the HPLC consisting of 20 % Mobile Phase A and 80 % 
Mobile Phase B is introduced via a peak “tee” connector at 
0.500 mL/min.   

   3.    System check: To verify system performance before running 
patient samples, inject the Iohexol HPLC/MS check standard 
solution after a water blank. Verify that the iohexol retention 
time is within acceptable limits and that the signal-to-noise 
(peak-to-peak) of the iohexol peak is acceptable. The HPLC/
MS check standard solution is pre-aliquoted and stored in 
−70 °C until use. Opened vials are for one time use only.   

   4.     Steps 1 ,  2 ,  5 ,  7 ,  8 , and  10  in Subheading  3.1  can be per-
formed using an automated liquid handling system.   

   5.    When using the automated liquid handling system for pipet-
ting tasks, verify by visual inspection that all samples have been 
dispensed accurately before proceeding to the next step. Do 
not vigorously mix or vortex the serum sample as this can cause 
bubble formation at the surface of the specimen which may 
cause inaccurate sampling and measurement. Care must be 
taken to remove these bubbles before analysis begins. This can 
be done by poking the bubbles with a wooden stick, or by a 
short (5 min) centrifugation at 1500 ×  g . When pouring pro-
tein precipitation or reconstituting solvent into the reservoirs, 
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ensure that there are no bubbles on the surface of the liquid to 
prevent pipetting problems.   

   6.    Verify that the samples have been completely dried down by 
visually inspecting the bottom of the tubes.   

   7.    After analytical runs are completed, the column is fl ushed for 
45 min at a fl ow rate of 0.250 mL/min and stored with 70 % 
methanol in water.   

   8.    The product ions selected for the multiple reaction monitoring 
(MRM) experiment were the most stable and abundant peaks 
observed during MS optimization, corresponding to a water 
loss (m/z 18) for iohexol and a loss of m/z 219 for ioversol. 
Although the chosen transitions are different, validation data 
indicate that this does not impact the quantitation of iohexol.   

   9.    The use of ioversol as an internal standard has limitations in 
that it is not a stable isotope-labeled form of iohexol; there-
fore, its physicochemical properties may not be completely 
consistent with that of iohexol.           
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    Chapter 21   

 Quantitation of Terifl unomide in Human Serum/Plasma 
Across a 40,000-Fold Concentration Range by LC/MS/MS       

     Geoffrey     S.     Rule      ,     Alan     L.     Rockwood    , and     Kamisha     L.     Johnson-Davis     

  Abstract 

   Lefl unomide is a prodrug used primarily for treatment of rheumatoid arthritis. The active metabolite, teri-
fl unomide (A77 1726), inhibits the enzyme dihydroorotate dehydrogenase and thereby reduces the syn-
thesis of pyrimidine ribonucleotides. Terifl unomide is also administered directly and fi nds use in treating 
multiple sclerosis. Therapeutic concentrations are generally in the tens of μg/mL serum or plasma and, 
due to adverse effects and the time required to reach steady state, therapeutic drug monitoring is benefi -
cial. The drug is also a potential teratogen. 

 A method was developed and validated to quantify the drug terifl unomide over a 40,000-fold concen-
tration range of 5 ng/mL to 200 μg/mL in serum or plasma. This is accomplished by dividing the quan-
titative range into two separate but overlapping regions; a high curve and a low curve range. Samples are 
evaluated fi rst against the high curve after a 100-fold dilution of the sample extract. Samples falling below 
the upper curve region are evaluated again without dilution and quantifi ed, if possible, against the low 
curve calibration standards. Appropriate choice of a concentration for the deuterated internal standard 
(D4-terifl unomide) allows for a single, identical, extraction procedure to be performed for both curve 
regions but with the dilution performed for high curve samples. The method is rugged and reliable with 
good accuracy and precision statistics.  

  Key words     Lefl unomide  ,   Terifl unomide  ,   Dynamic range  ,   LC/MS/MS  ,   Arthritis  

1      Introduction 

  Lefl unomide   is a  prodrug   approved by the FDA in 1998 and 
brought to market by Sanofi - Aventis under the name Arava ® . It is 
administered largely for the treatment of rheumatoid  arthritis   and 
is classed as one of the disease-modifying antirheumatic drugs, or 
DMARDs. It has been shown not only to improve the quality of 
life in patients, by virtue of allowing better physical activity, but 
also to slow disease progression [ 1 ].  Lefl unomide   contains an isox-
azole ring which is opened nonenzymatically to the active metabo-
lite, terifl unomide. Another drug formulation, marketed as 
Aubagio ® , consists of the ring-opened form and is used treatment 
of active relapsing–remitting multiple sclerosis [ 2 ]. Lefl unomide 
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has also been prescribed, off-label, for other uses in renal transplant 
patients, treating cytomegalovirus viremia [ 3 ], and BK virus-asso-
ciated nephropathy [ 4 ], and for treatment in spondylo and  psori-
atic   arthritis [ 5 ]. 

 Due to metabolism, circulating levels of  lefl unomide   after oral 
administration are generally very low in comparison with levels of 
terifl unomide [ 6 ]. Both lefl unomide and terifl unomide have the 
same molecular weight and, after collision induced dissociation of 
the protonated parent by  tandem mass spectrometry  , the same two 
most abundant product ions. Consequently, it was thought desir-
able to obtain a chromatographic separation of  lefl unomide   from 
terifl unomide to eliminate the possibility of interference in deter-
mination of circulating levels of the two drug forms. 

 In addition, terifl unomide is thought to have some potential for 
teratogenic activity based on animal studies. Therapeutic doses of 
the drug generally yield plasma or serum concentrations in the tens 
of micrograms per milliliter. Because of the possible teratogenic 
activity however, it is recommended that those wishing to conceive 
offspring achieve levels lower than 20 ng/mL prior to conception 
as determined on two separate occasions [ 7 ]. To complicate the 
clearance of the drug, it has a fairly lengthy half-life of approxi-
mately 2 weeks due largely to enterohepatic circulation. In some 
cases levels of the metabolite have been found in individuals up to a 
year after ceasing therapy. To assist clearance several options are 
available including use of activated charcoal and cholestyramine. 

 Due to the wide range of possible concentration, from several 
hundred μg/mL down to the medical decision point of 20 ng/
mL, it was important for us to develop a method that would cover 
a very broad concentration range. Here we describe a method that 
covers a 40,000-fold range from 5 ng/mL to 200 μg/mL through 
use of two separate but overlapping calibration curves. A single, 
identical extraction procedure is utilized for both curve ranges, 
with the exception that samples analyzed for the higher concentra-
tion range are diluted 100-fold prior to analysis. Earlier methods 
for determination of terifl unomide or  lefl unomide   have been 
described in the literature as using HPLC/UV [ 6 ,  8 ,  9 ],    LC/MS/
MS [ 10 ].  

2    Materials 

   Heparinized or EDTA plasma, plain (red top) serum: Collect and 
process specimens according to standard phlebotomy procedures. 
Freeze specimens at −20 ° C or colder and transport.  

       1.    Dimethylsulfoxide (DMSO): Sigma-Aldrich (St. Louis, MO).   
   2.    Mobile phase A: 0.1 % formic acid in deionized water.   

2.1  Samples

2.2  Reagents

Geoffrey S. Rule et al.
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   3.    Mobile phase B: 0.1 % formic acid in water:methanol:acetonitrile 
(0.5:0.5:9).   

   4.    Control serum: Lampire Biological Laboratories (Pipersville, 
PA).   

   5.    Double-blank solution: 0.1 % formic acid in methanol:acetonitrile 
(1:1).   

   6.    Dilution solution: 0.1 % formic acid in 25 % water, 75 % 
methanol:acetonitrile (1:1).   

   7.    Autosampler wash solvents:
   (a)    Wash 1, methanol:water (4:1) containing 0.1 % trifl uoro-

acetic acid.   
  (b)    Wash 2, methanol:water (2:3).          

       1    Primary standards: Lefl unomide and terifl unomide (Toronto 
Research Chemicals, North York, ON).   

   2    Primary internal standard: D4-terifl unomide (Toronto 
Research Chemicals, North York, ON).   

   3    Terifl unomide standard stock solution: 10 mg/mL in DMSO.   
   4    Working internal standard/ protein precipitating solution: 333 

ng/mL D4-terifl unomide in methanol:acetonitrile (1:1) con-
taining 0.1 % formic acid.      

       1.    Calibrators: Prepare high curve calibrators (Std 6–10), starting 
with preparation of Std 10 from stock solution, according to 
the scheme shown in Table  1 . All remaining calibrators are 
prepared from Std 10, or dilutions thereof. Prepare low curve 
calibrators (Std 1–5), similarly, according to Table  1 .

       2.    Controls: Prepare controls D, E, and F according to Table  2  
from a separate preparation of stock solution. Prepare controls 
A, B, and C according to Table  2  by dilution of controls D and 
E. Vortex mix and aliquot into microcentrifuge tubes. Store at 
−20 C or lower until use.

              1.    Agilent 1200 series pump, CTC autosampler, and AB Sciex 
API4000 triple-quadrupole mass spectrometer with Analyst 
software (version 1.5.1).   

   2.    Analytical column; 2 mm × 10 cm, Luna PFP [ 2 ] (pentafl uoro-
phenyl) phase on 3 μm particles, Phenomenex (Torrance, CA).   

   3.    1.7 mL microcentrifuge tubes.   
   4.    Centrifuge to accommodate microcentrifuge tubes and capa-

ble of achieving 10,000 ×  g .   
   5.    Autosampler vials.       

2.3  Standards 
and Internal Standards

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies

Terifl unomide Across 40,000-Fold Range
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    Table 1  
  Standard curve preparation for high and low curve regions   

  High curve  

  Concentration  
(µg/mL) 

  Volume  (µL)   Stock or std    Control serum  
(µL) 

  Std 10   200  5  Stock  245 

  Std 9   50  40  Std 10  120 

  Std 8   10  10  Std 10  190 

  Std 7   2  10  Std 10  990 

  Std 6   0.8  100  Std 7  150 

  Low curve  

  Concentration  
(µg/mL) 

  Volume  (µL)   Std    Control serum  
(µL) 

  Std 5   1  200  Std 7  200 

  Std 4   0.5  100  Std 5  100 

  Std 3   0.1  25  Std 4  100 

  Std 2   0.02  10  Std 4  240 

  Std 1   0.005  5  Std 4  495 

    Table 2  
  Quality control sample preparation for validation   

  Low curve    High curve  

  Conc.  (μg/mL)   Conc.  (μg/mL) 

 Low control = A  0.02  Low control = D  1 

 Medium 
control = B 

 0.1  Medium 
control = E 

 80 

 High control = C  0.8  High control = F  170 

  Control    Vol. fl ask  (mL)   Control    Vol. fl ask  (mL) 

 A  10  Add 0.2 μg as 
200 μL 
 Control D  

 D  10  Add 10 ug as 125 μL 
 Control E  

 B  10  Add 1 μg as 12.5 
μL  Control E  

 E  10  Add 800 ug as 80 μL 
 10 mg/mL Stock  

 C  10  Add 8 μg as 100 
μL of  Control 
E  

 F  10  Add 1.7 mg as 170 μL 
 10 mg/mL Stock  

Geoffrey S. Rule et al.
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3    Methods 

       1.    Add 100 μL blank serum, standard, control, or patient serum/
plasma to labeled microcentrifuge tubes. ( Note:  For each curve 
range both a  blank  and  double-blank  sample are prepared.) A 
 blank  is analyzed as the fi rst and last injection of each sequence 
and consists of a known negative serum sample. A  double blank  
is analyzed after each high standard. A  double blank  sample is 
one prepared in identical fashion to the ordinary  blank  but in 
the absence of internal standard. Placing this sample after the 
high calibration standard allows one to distinguish between 
autosampler carryover and unlabeled analyte that may be 
 contributed through the internal standard addition as an impu-
rity ( see   Note 1 ).   

   2.    Add 300 μL of “double-blank solution” to the  double blanks . 
Add 300 μL of “working internal standard” to all other cali-
brators, controls, and patient samples ( see   Note 2 ).   

   3.    Cap tubes and vortex mix for 3 min.   
   4.    Centrifuge for 10 min at 10,000 ×  g .   
   5.    For high curve: Transfer 2 μL of the supernatant into autosam-

pler vials containing 200 μL of “dilution solution,” and cap.   
   6.    For low curve: Transfer 100 μL of supernatant into autosam-

pler vials and cap.   
   7.    Transfer vials to autosampler. Inject 3 μL of each sample in 

sequence.      

       1.    HPLC conditions, gradient, and MS parameters are as shown 
in Tables  3  and  4  ( see   Notes 3 – 5 ).

        2.    Data were collected and analyzed using AB Sciex Analyst ®  soft-
ware (version 1.5.2). Example extracted ion current profi les for 
the low curve Std 1 and internal standard are shown in Fig.  1 .

       3.    Linear regression analysis of the calibration standards was made 
by 1/ x  2  weighted regression of peak area ratio versus analyte 
concentration.       

4    Notes 

     1.    Prepare both sets of calibration standards, all quality control 
samples, and patient samples in the same batch. Prepare each 
patient sample with 100× dilution, as described, and evaluate 
against the high curve calibration standards. If within the high 
calibration curve region, report the determined value. (If sam-
ple is above the ULOQ, extract sample a second time with 

3.1  Stepwise 
Procedure

3.2  Analysis

Terifl unomide Across 40,000-Fold Range
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   Table 3  
   LC/MS/MS   operating parameters   

  A. HPLC  

 Column temp. 40 ° C 

  Step    Total time  (min)   Flow rate  (μl/min)   A  (%)   B  (%) 

 0  0.0  300  30  70 

 1  0.1  300  30  70 

 2  0.6  300  0  100 

 3  3.0  300  0  100 

 4  3.1  300  30  70 

 5  3.2  300  30  70 

  B. MS/MS parameter table  

 CUR: 25 

 TEM:500 

 GS1: 35 

 GS2: 30 

 Nitrogen gas is used for both GS1 and GS2 

 ihe: ON 

 IS: −4300 V 

 CAD: Medium 

 DP: −55 

 EP: −10 

 Detector parameters (negative): CEM 2500 

   Table 4  
  List of precursor and product ions for  terifl unomide   and internal standard   

 Precursor 
ion 

 Product 
ion  Dwell (ms) 

 Collision 
energy (eV) 

 Terifl unomide  269.1  82.0  50  27 

 269.1  160.1  50  34 

 D4-terifl unomide  273.1  82.0  50  27 

 273.1  164.1  50  34 

Geoffrey S. Rule et al.
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appropriate matrix dilution.) If the patient sample is below the 
LLOQ of the upper curve range then prepare and analyze the 
undiluted sample extract along with the low curve calibrators 
and quality control samples. Report the resulting value as 
appropriate.   

   2.    The concentration of internal standard utilized is equivalent to 
1 μg/mL in the plasma/serum sample. This concentration is 
near the low end of the upper curve and at the high end of the 
lower curve. It is possible to use this same solution (concentra-
tion) for both curves since there is a lack of a signifi cant analyte 
isotope interference with the IS and because only a small 
amount of unlabeled analyte is present in the IS. We discuss 
this topic elsewhere in detail [ 11 ].   

XIC of 269.2/160.1 (Standard 1)

600

1200

1800

2400 1.63

XIC of 269.2/82.1(Standard 1) 

1000

3000

5000

7000

9000 1.63

XIC of 273.2/164.1 (Internal Standard) 

0.0

8.0e4

1.6e5

2.4e5

3.2e5
1.63

XIC of 273.2/82.1 (Internal Standard)

0.0

4.0e5

8.0e5

1.2e6 1.63

0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0
Time, min

In
te

ns
ity

, c
ps

  Fig. 1    Extracted ion current chromatograms of  terifl unomide   in Standard 1 (5 ng/mL), and internal standard 
(D4-terifl unomide), showing two transitions for each       
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   3.    The mass spectrometer is infused with a solution of naproxen 
(1 ng/μL in 1:1 methanol:acetonitrile, at 10 μL/min) prior to 
each run to verify mass spectrometer performance in terms of 
sensitivity and spectral resolution. The parent ion at m/z 229.1 
is evaluated by single MS (Q1) and the fragment ion at m/z 
185.1 evaluated by MS/MS (for Q3). The instrument is oper-
ated at peak widths of 0.7 amu +/−0.1 amu, at half height, and 
mass accuracy of +/−0.1 amu.   

   4.    A test injection is made with a solution of terifl unomide and 
 lefl unomide   (each at 100 pg/ μL in 1:3, water:acetonitrile) to 
verify instrument performance (sensitivity and retention time) 
and chromatographic separation (resolution) prior to each 
batch of samples.   

   5.    Although the parent drug,  lefl unomide  , is generally found 
only at very low concentrations, if at all, it is separated chro-
matographically from the metabolite, terifl unomide, due to 
the fact that the two have both the same precursor and product 
ion masses.         
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    Chapter 22   

 Determination of Menthol in Plasma and Urine by Gas 
Chromatography/Mass Spectrometry (GC/MS)       

     Judy     Peat    ,     Clint     Frazee    ,     Gregory     Kearns    , and     Uttam     Garg       

  Abstract 

   Menthol, a monoterpene, is a principal component of peppermint oil and is used extensively in consumer 
products as a fl avoring aid. It is also commonly used medicinally as a topical skin coolant; to treat infl am-
mation of the mucous membranes, digestive problems, and irritable bowel syndrome (IBS); and in pre-
venting spasms during endoscopy and for its spasmolytic effect on the smooth muscle of the gastrointestinal 
tract. Menthol has a half life of 3–6 h and is rapidly metabolized to menthol glucuronide which is detect-
able in urine and serum following menthol use. We describe a method for the determination of total 
menthol in human plasma and urine using liquid/liquid extraction, gas chromatography/mass spectrom-
etry (GC/MS) in selected ion monitoring mode and menthol-d4 as the internal standard. Controls are 
prepared with menthol glucuronide and all samples undergo enzymatic hydrolysis for the quantifi cation of 
total menthol. The method has a linear range of 5–1000 ng/mL, and coeffi cient of variation <10 %.  

  Key words     Menthol  ,   GCMS  ,   Peppermint oil  ,   Irritable bowel syndrome  

1      Introduction 

   Menthol is a  monoterpene   derived  from    peppermint oil  , but can 
also be prepared synthetically. It is widely known for its use as a 
topical and oral anesthetic [ 1 ]. Also due to its spasmolytic effect in 
the gastrointestinal tract, it is used in the treatment of  irritable 
bowel syndrome (IBS)   [ 2 – 6 ]. Despite the increasingly widespread 
use of peppermint oil and the treatment of patients with  IBS  , there 
are currently no pharmacokinetic or pharmacodynamic data of the 
principal component, menthol, in pediatric patients. Therefore, 
there is a current need for menthol assays to support pharmacoki-
netics and pharmacodynamics studies [ 7 ]. Determination of men-
thol concentration in different pharmaceutical formulations or in 
 peppermint oil   may also be indicated [ 8 ]. Various methods includ-
ing  gas chromatography   with fl ame ionization or  mass  spectrometry   
and high-performance  liquid chromatography   have been described 
in the literature [ 9 – 14 ].  Gas chromatography   with a fl ame ionization 
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detector has historically been the most widely used method for 
determining menthol levels [ 10 – 12 ]. More recently  gas chroma-
tography    mass spectrometry   methods that are laborious and time 
consuming have been described in the literature [ 13 ,  14 ]. We 
describe a novel  gas chromatography   mass spectrometry method 
which utilizes a simple liquid/liquid extraction and deuterated 
internal standard for the quantitation of total menthol in human 
urine and plasma.  

2    Materials 

   Heparinized plasma, or urine. Store in freezer (<−20 °C) until 
analysis.  

       1.    0.4 M Sodium phosphate buffer (pH 6.0):
   (a)    Phosphate buffer A: Dissolve 11.0 g monobasic sodium 

phosphate (ACS certifi ed) into 200 mL deionized water.   
  (b)    Phosphate buffer B: Dissolve 10.7 g dibasic sodium phos-

phate buffer (ACS certifi ed) into 100 mL deionized water.   
  (c)    Add phosphate buffer A to a 500 mL beaker. Adjust the 

pH to 6.0 +/−0.1 by slowly adding phosphate buffer B 
( see   Note 1 ). Stable for 1 year at room temperature.       

   2.    3.3 M sodium acetate buffer (pH 4.8): Add 2.72 g sodium 
acetate (ACS certifi ed) to a 10 mL volumetric fl ask. Add 8 mL 
deionized water. Adjust pH to 4.8 with acetic acid and qs to 
10 mL. Stable 6 months at room temperature.   

   3.    β-Glucuronidase (Sigma, Type H-3: from Helix pomatia, store 
at 2–8 °C).   

   4.    Human drug-free pooled normal plasma.      

       1.    Menthol powder (Toronto Research Chemical, Canada).   
   2.    Menthol β- D -glucuronide powder (Toronto Research 

Chemical, Canada).   
   3.    Menthol-d4 powder (Toronto Research Chemical, Canada).   
   4.    1 mg/mL menthol standard stock solution: Add 10 mg of 

menthol to a10 mL volumetric fl ask, dissolve, and bring to vol-
ume with methanol.   

   5.    Menthol working standard solutions: Make serial 1:10 dilu-
tions of stock solution with methanol for 100 μg/mL, 10 μg/
mL, and 1 μg/mL standards.   

   6.    100 μg/mL menthol glucuronide stock standard: Add 1 mg of 
menthol glucuronide to 10 mL volumetric fl ask and qs with 
methanol.   

2.1  Samples

2.2  Reagents

2.3  Standards 
and Internal Standards

Judy Peat et al.
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   7.    10 μg/mL menthol glucuronide working standard: Make a 
1:10 dilution of stock.   

   8.    100 μg/mL internal standard (IS) stock solution: Add 1 mg of 
menthol-d4 to a 10 mL volumetric fl ask and qs with 
methanol.   

   9.    10 μg/mL IS working solution: Make a 1:10 dilution of stock 
IS solution with methanol.     

 Store all stock and working solutions at <−20 °C. Stable for 3 
months.  

       1.    Calibrators: Prepare calibrators 1–7 according to Table  1 .
       2.    Quality controls: Prepare Control 1–3 according to Table  2 .

       For calibrator and controls add appropriate amount of 
standard(s) to 10 mL volumetric fl ask and qs to 10 mL with drug- 
free plasma.  

2.4  Calibrators 
and Controls

   Table 1  
  Preparation of calibrators in drug-free plasma   

 Calibrator (ng/mL)  Final volume (mL) 
 μL of 1 μg/mL 
menthol standard 

 μL of 10 μg/mL 
menthol standard 

 μL of 100 μg/mL 
menthol standard 

 Blank  10 

 5  10   50 

 10  10  100 

 25  10   25 

 50  10   50 

 100  10  100 

 500  10   50 

 1000  10  100 

   Table 2  
  Preparation of quality controls made in drug-free plasma   

 Controls (ng/mL)  Final volume (mL) 
 μL of 10 μg/mL menthol 
glucuronide standard 

 Free menthol 
concentration 

 40  10   40  19 

 100  10  100  47 

 160  10  160  75 

  Free menthol concentration is calculated as [menthol glucuronide concentration × menthol molecular weight (156)/
menthol glucuronide molecular weight (332)]  

Determination of Menthol in Plasma and Urine by Gas…
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       1.    Agilent GC/MS 5975C inert XL MSD with Triple Axis 
Detector (Agilent Technologies, CA).   

   2.    Analytical column: ZB-1MS 15 m × 250 μm × 0.25 μm 
(Phenomenex, Torrance, CA).   

   3.    Carrier Gas: Helium.   
   4.    13 × 100 mm screw-cap test tubes with Tefl on caps.   
   5.    Autosampler vials with glass inserts and crimp caps (P.J. Cobert 

Associates, Inc., St. Louis, MO).       

3    Methods 

       1.    To 0.5 mL calibrator, control, or sample add 20 μL working 
IS, 25 μL β-glucuronidase, and 10 μL sodium acetate buffer in 
labeled 13 × 100 mm test tubes ( see   Note 2 ).   

   2.    Incubate tubes overnight in 37 °C water bath ( see   Note 3 ).   
   3.    Put tubes in a freezer for 10 min ( see   Note 4 ).   
   4.    Add 150 μL 0.4 M phosphate buffer and 0.5 mL methylene 

chloride. Extract by rocking for 5 min.   
   5.    Centrifuge for 5 min at 10 °C and 2000 ×  g .   
   6.    Remove and discard upper aqueous layer.   
   7.    Transfer bottom layer to autosampler vials and inject 2 μL onto 

GC/MS.      

   The instrument’s operating conditions are given in Table  3 .

          1.    Data are analyzed using Target Software (Thru-Put Systems, 
Orlando, FL) or similar software.   

2.5  Analytical 
Equipment 
and Supplies

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

3.3  Data Analysis

   Table 3  
   GC/MS   operating conditions   

 Oven temperature 
program 

 50 °C for 1 min, 10 °C/min to 90 °C for 5.5 min 
 then 40 °C/min to 250 °C for 2 min 
 Run time: 16.5 min 

 Front inlet  Mode: splitless 
 Injection temperature: 250 °C 
 Column pressure: 7.5 psi 
 Purge time: 0.4 min 
 Septum purge fl ow: 3 mL/min 

 Mass spectrometer  Mode: electron impact at 70 eV 
 Source temperature: 230 °C 
 Tune: autotune 

Judy Peat et al.
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   2.    Standard curves are generated based on linear regression of the 
analyte/IS peak area ratio (y) versus analyte concentration (x) 
using the quantifying ion listed in Table  4  ( see   Note 5 ). 
Monitored ions are given in Table  4 .

       3.    Typically, coeffi cient of correlation is >0.99.   
   4.    Runs are accepted if calculated controls fall within two stan-

dard deviations of target values.   
   5.    Within and between run imprecision are <10 %.   
   6.    Representative GC-MS selected ion chromatograms are shown 

in Fig.  1 . Electron impact ionization mass spectra are shown in 
Figs.  2  and  3 .

4              Notes 

     1.    It takes ~30 mL phosphate buffer B to adjust the pH to 6.0.   
   2.    Urine samples are analyzed straight and 1:20. Menthol results 

can be expressed as mg/g creatinine.   

    Table 4  
  Quantitation and qualifying ions for menthol   

 Quantitation ions  Qualifi er ions 

 Menthol-d4  142  99, 127 

 Menthol  138  95, 123 
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  Fig. 1    Selected ion chromatograms for menthol-d4 and menthol       
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   3.    Tubes must be tightly capped as menthol is highly volatile.   
   4.    This step is important to keep menthol in liquid phase.   
   5.    Internal standard chromatographs as a triplet of peaks due to 

mixture of different diastereomers. The middle peak is used for 
quantitation.           
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    Chapter 23   

 Development of an Assay for Methotrexate and Its 
Metabolites 7-Hydroxy Methotrexate and DAMPA 
in Serum by LC-MS/MS       

     Ryan     C.     Schofi eld    ,     Lakshmi     V.     Ramanathan    ,     Kazunori     Murata    , 
    Martin     Fleisher    ,     Melissa     S.     Pessin    , and     Dean     C.     Carlow       

  Abstract 

   Methotrexate (MTX) is a folic acid antagonist that is widely used as an immunosuppressant and chemo-
therapeutic agent. After high-dose administration of MTX serum levels must be monitored to determine 
when to administer leucovorin, a folic acid analog that bypasses the enzyme inhibition caused by MTX and 
reverses its toxicity. We describe a rapid and simple turbulent fl ow liquid chromatography (TFLC) method 
implementing positive heated electrospray ionization (HESI) for the accurate and precise determination of 
MTX, 7-hydroxymethotrexate (7-OH MTX), and 4-amino-4-deoxy-N 10 -methylpteroic acid (DAMPA) 
concentrations in serum. MTX is isolated from serum samples (100 μL) after protein precipitation with a 
methanolic solution containing internal standard (MTX-D 3 ) followed by centrifugation. The supernatant 
is injected into the turbulent fl ow liquid chromatography which is followed by electrospray positive ioniza-
tion tandem mass spectrometry (TFLC-ESI-MS/MS) and quantifi ed using a six-point calibration curve. 
For MTX, 7-OH MTX, and DAMPA the assays were linear from 20 to 1000 nmol/L. Dilutions of 10-, 
100-, and 1000-fold were validated giving a clinically reportable range of 20 to1.0 × 10 6  nmol/L. Within-day 
and between-day precisions at concentrations spanning the analytical measurement ranges were less than 
10 % for all three analytes.  

  Key words     Methotrexate  ,   Carboxypeptidase-G2  ,   Therapeutic drug monitoring  ,   Mass spectrometry  , 
  Turbulent fl ow liquid chromatography  

1      Introduction 

  Methotrexate (MTX)   is a folic acid antagonist that is widely used as 
an immunosuppressant and chemotherapeutic agent. MTX exerts 
its cytotoxic effects by competitively inhibiting dihydrofolate reduc-
tase (DHFR), the enzyme responsible for converting folates to tet-
rahydrofolates; the folate carrier that functions in the transfer of 
carbon units. A normal dividing cell uses large amounts of reduced 
folates to maintain ongoing purine and thymidine synthesis and the 
demand is even greater for rapidly dividing malignant cells [ 1 ]. 
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 High-dose MTX is mainly used for the treatment of  leukemia   
and osteosarcoma. Intermediate and lower dose MTX regimens are 
used to treat malignant gestational trophoblastic disease, breast and 
bladder cancer, ALL, and acute  promyelocytic   leukemia [ 1 ,  2 ]. In 
addition to its antiproliferative activity, MTX also has anti- 
infl ammatory and immunomodulating properties and is a fi rst-line 
treatment for a growing number of autoimmune rheumatologic, 
dermatologic, and gasteroenterologic conditions [ 1 ,  2 ]. After high-
dose administration of MTX serum levels must be monitored to 
determine when to administer leucovorin, a folic acid analog that 
bypasses the enzyme inhibition caused by MTX and reverses its tox-
icity [ 3 ]. Patients in renal failure who are given high-dose MTX are 
sometimes given  carboxypeptidase-G2 (CPDG 2 )   (CPDG 2 ) to 
reverse the effects of MTX [ 3 – 5 ].  CPDG 2    is an enzyme that con-
verts MTX into glutamate and 4-amino-4-deoxy-N10- methylpteroic 
acid (DAMPA) that are much less toxic and readily excreted. 
DAMPA cross-reacts considerably in immunoassays rendering them 
unsuitable for monitoring patients who have been given  CPDG 2    
therapy [ 6 ]. 

 MTX assays using  mass spectrometry   have been described 
previously [ 7 – 9 ]. However the objective of this study was to 
develop an MTX assay performed by LC-MS with the follow-
ing characteristics: analytically sensitive with a clinically use-
ful dynamic range; good specifi city with no interference from 
metabolites or other compounds; suitable analytical transferabil-
ity for a high volume clinical laboratory, and the accurate mea-
surement of 7-OH MTX and DAMPA to support clinical trials 
utilizing  CPDG 2    and related compounds. The following chapter 
describes a rapid and simple turbulent fl ow method implement-
ing positive heated electrospray ionization for the accurate and 
precise determination of MTX, 7-OH MTX, and DAMPA con-
centrations in serum.  

2    Materials 

   Serum samples are required. All samples should be processed and 
analyzed within 4 h of collection or refrigerated for analysis up to 
24 h after collection or frozen for analysis up to 6 months.  

       1.    Human drug-free pooled normal serum (UTAK Laboratories).   
   2.    Mobile Phase A (10 mM ammonium formate/0.1 % formic 

acid in water): Remove 8.4 mL of water from a 4 L bottle. Add 
2.8 mL of ammonium hydroxide, cap, and invert ten times. 
Add 5.6 mL of formic acid and degas for 5 min by sonication. 
The mobile phase is stable at room temperature, 18–24 °C, up 
to 1 month.   

2.1  Samples

2.2  Solvents 
and Reagents

Ryan C. Schofi eld et al.
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   3.    Mobile phase B (10 mM ammonium formate/0.1 % formic 
acid in methanol): Remove 8.4 mL of methanol from a 4 L 
bottle. Add 2.8 mL of ammonium hydroxide, cap, and invert 
ten times. Add 5.6 mL of formic acid and degas for 5 min by 
sonication. The mobile phase is stable at room temperature, 
18–24 °C, up to 1 month.   

   4.    Mobile phase C (acetonitrile/2-propanol/acetone, 6:3:1): In 
a 1000 mL graduated cylinder, add 600 mL acetonitrile, 300 
mL of 2-propanol, and 100 mL of acetone into a 2 L HPLC 
solvent bottle. Degas the solution for 5 min by sonication. The 
mobile phase is stable at room temperature, 18–24 °C, up to 1 
month.   

   5.    Autosampler aqueous wash (water/acetic acid/acetonitrile, 
8.8:1:0.2): In a 500 mL graduated cylinder, add 440 mL of 
water, 50 mL of acetic acid, and 10 mL of acetonitrile and 
transfer into an HPLC wash bottle. Degas the solution for 
5 min by sonication. The wash solution is stable at room tem-
perature, 18–24 °C, up to 1 month.   

   6.    Autosampler organic wash (acetonitrile/2-propanol/acetone, 
6:3:1): In a 1000 mL graduated cylinder, add 600 mL aceto-
nitrile, 300 mL of 2-propanol, and 100 mL of acetone and 
transfer into a 2 L HPLC solvent bottle. Degas the solution for 
5 min by sonication. The mobile phase is stable at room tem-
perature, 18–24 °C, up to 1 month.   

   7.    Extraction solution (30 ng/mL MTX-D 3  in methanol with 
0.1 % formic acid): Add approximately 150 mL of methanol 
and 200 μL formic acid into a 200 mL volumetric fl ask. Add 
60 μL of MTX-D 3  stock (100 μg/mL) to the same volumetric 
fl ask. Bring to volume with methanol and mix well. The 
extraction solution is stable for up to 6 months when stored 
at −20 °C.      

       1.    Primary standards: MTX (Sigma-Aldrich), 7-OH MTX (Santa 
Cruz Biotechnology Inc.), and DAMPA (Schircks Laboratories).   

   2.    Primary internal standard (I.S.): MTX-D 3  (Cerilliant) 100 μg/
mL in 0.1 N sodium hydroxide.   

   3.    Standard stock solutions:
   (a)    Methotrexate MTX (1 mg/mL): Using an analytical bal-

ance weigh 25 mg and place in a 25 mL volumetric fl ask. 
Bring to volume with methanol containing 0.1 N sodium 
hydroxide and mix well. Then prepare a 100 μg/mL stock 
solution from the previous 1 mg/mL stock solution: Add 
900 μL of methanol to a 2 mL amber vial and add 100 μL 
of MTX stock (1 mg/mL) and mix well. Both stock solu-
tions are stable up to 6 months when stored at −20 °C.   

2.3  Internal 
Standards 
and Standards
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  (b)    7-Hydroxymethotrexate, 7-OH MTX (1 mg/mL): Using 
an analytical balance weigh 25 mg and place in a 25 mL 
volumetric fl ask. Bring to volume with methanol contain-
ing 0.1 N sodium hydroxide and mix well. Then prepare a 
100 μg/mL stock solution from the previous: Add 900 μL 
of methanol to a 2 mL amber vial and add 100 μL of 7-OH 
MTX stock (1 mg/mL) and mix well. Both stock solutions 
are stable for up to 6 months when stored at −20 °C.   

  (c)    DAMPA (1 mg/mL): Using an analytical balance weigh 
25 mg and place in a 25 mL volumetric fl ask. Bring to 
volume with methanol containing 0.1 N sodium hydrox-
ide and mix well. Then prepare a 100 μg/mL stock solu-
tion from the previous: Add 900 μL of methanol to a 
2 mL amber vial and add 100 μL of DAMPA stock (1 mg/
mL) and mix well. Both stock solutions are stable for up to 
6 months when stored at −20 °C.   

  (d)    Combined standard (MTX, 7-OH MTX, and DAMPA): 
To obtain a combined standard containing, 4.54 μg/mL, 
9.40 μg/mL, and 3.25 μg/mL respectively, add 1656 μL 
of drug- free serum to a 2 mL amber glass vial. Then add 
91, 188, and 65 μL of MTX, 7-OH MTX, and DAMPA 
from each respective 100 μg/mL stock solution and mix 
well. Stock solution is stable for up to 6 months when 
stored at −20 °C.          

       1.    Calibrators: Prepare calibrators 1–8 by making serial dilutions 
of the combined standard according to Table  1 . For each 
 dilution step add the appropriate amount of previous solution 
as shown in the table to a 10.0 mL volumetric fl ask and fi ll with 
drug-free human serum. Vortex mix the volumetric fl ask after 
each dilution step ( see   Note 1 ).

       2.    Controls: MTX controls were purchased from UTAK labora-
tories at the following concentrations: 0.023, 0.034, 0.227, 
and 0.341 μg/mL. Currently there are no commercially avail-
able controls for 7-OH MTX and DAMPA. To prepare 7-OH 
MTX and DAMPA controls follow Table  2  for the procedure. 
For each control add the appropriate amount of 100 μg/mL 
stock solution into a 10 mL volumetric fl ask then bring to vol-
ume with drug-free serum. These two sets of controls are made 
on separate days and from separate lots of material than the 
calibrators ( see   Note 1 ).

       3.    Check the new lot of standards by verifying fi ve unknown 
patient samples concentrations with the current lot of calibra-
tors. The agreement between the two calculated concentra-
tions must be within 10 %.   

   4.    Establish a range for the new lot of controls by collecting data 
points over 20 consecutive runs and establish the mean and 
standard deviation.      

2.4  Calibrators 
and Controls
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       1.    Thermo Scientifi c Transcend TLX-2 with Agilent 1200 pumps 
coupled to a TSQ Quantum Ultra triple quadrupole mass 
spectrometer running Aria software 1.6.3 (Thermo Scientifi c).   

   2.    TurboFlow column (TFC): Cyclone-P 50 × 0.5 mm, 60 μm 
particle size, 60 Å pore size (Thermo Scientifi c). Analytical col-
umn: Hypersil Gold C8 2.1 × 50 mm, 5 μm particle size 
(Thermo Scientifi c).   

   3.    Column heater (Thermo Scientifi c).   
   4.    Eppendorf 1.5 mL microcentrifuge tubes and National 

Scientifi c 2 mL amber glass vials with inserts and pre-slit caps 
or equivalent.      

       1.     Turbulent fl ow liquid chromatography (TFLC)  : 
Chromatographic separations were performed using a Thermo 
Scientifi c Transcend TLX-2 which was comprised of a PAL 
autosampler (CTC Analytics), a low-pressure mixing quater-
nary pump (loading pump), a high-pressure binary pump 

2.5  Analytical 
Equipment 
and Supplies

2.6  Instrument 
Operating Conditions

   Table 1  
  Calibrator preparation   

 Calibrator 
 Volume of previous 
standard (mL) 

 Drug-free 
serum (mL) 

 Final concentrations (μg/mL) MTX 7-OH 
MTX DAMPA 

 1  1.0 (combined std.)  9.0  0.454  0.940  0.325 

 2  5.0  5.0  0.227  0.470  0.163 

 3  5.0  5.0  0.114  0.235  0.081 

 4  5.0  5.0  0.057  0.118  0.041 

 5  5.0  5.0  0.028  0.059  0.020 

 6  5.0  5.0  0.014  0.029  0.010 

 7  5.0  5.0  0.007  0.015  0.005 

 8  5.0  5.0  0.004  0.007  0.003 

   MTX : 1 μg/mL = 2201.8 nmol/L 
  7-OH MTX : 1 μg/mL = 2127.1 nmol/L 
  DAMPA : 1 μg/mL = 3075.7 nmol/L  

   Table 2  
  7-OH MTX and DAMPA control preparation   

 Control 
 Volume of 7-OH MTX 100 
μg/mL stock 

 Volume of DAMPA 100 
μg/mL stock 

 Final concentration (μg/mL) 7-OH 
MTX DAMPA 

 Low  24 μL  8 μL  0.235  0.081 

 Mid  47 μL  16 μL  0.470  0.161 

 High  71 μL  24 μL  0.705  0.244 
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( eluting pump), and a six-valve switching module with six-port 
valves (Fig.  1 ). The system was controlled via Aria software, 
version 1.6.2. The TurboFlow column used was a Cyclone-P 
50 × 0.5 mm, 60 μm particle size, and a 60 Å pore size. The 
analytical HPLC column was a Hypersil Gold C8 2.1 × 50 mm, 
5 μm particle size. The temperature of the analytical column 
was maintained at 70 °C using a column heater. The analytes 
were loaded on the TurboFlow column in 100 % mobile phase 
A and transferred to the HPLC column with 80 % mobile phase 
B using a 200 μL transfer loop. The loading and eluting mobile 
phase composition for the HPLC column was identical to that 
of the TurboFlow column. The integration parameters for all 
four analytes were similar with a baseline window of 20, area 
noise factor of 5, peak noise factor of 10, and an integration 
window of 15 s. The retention times of the TFLC-ESI-MS/MS 
ion chromatograms of the analytes can be seen in Fig.  2 .

        2.     Tandem mass spectrometry  : Mass spectrometric detection was 
performed using a Thermo Scientifi c TSQ Quantum Ultra 
triple- quadrupole mass spectrometer equipped with an elec-
trospray ionization (ESI) source operating in a positive ion 
mode. MS/MS conditions are depicted in Table  4 . Nitrogen 
(99.995 % purity) was used as the desolvation gas, and ultra-
pure argon (99.999 % purity) was used as the collision gas. The 
mass  transitions from the protonated molecular ion [M+H] +  to 
the most abundant product ions were used as the quantifying 
ions for each analyte (Table  5 ). The SRM acquisition method 
was run in unit resolution (0.7) in both Q1 and Q3 with a scan 
width and scan rate of 0.050 m/z and 0.100 s, respectively.       

  Fig. 1    Transcend TLX-2 valve confi guration       
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3    Methods 

       1.    Run a system suitability to confi rm the system performance ( see  
 Note 2 ).   

   2.    To a 1.5 mL microcentrifuge tubes pipette 100 μL serum (cali-
brators, controls, or patient specimen) ( see   Note 3 ).   

   3.    Add 200 μL extraction solution.   
   4.    Cap and vortex each sample vigorously.   
   5.    Centrifuge for 10 min at 13,000 ×  g .   
   6.    Transfer 200 μL of the supernatant into glass inserts and place 

in 2 mL amber glass vials.   
   7.    Place all samples in the autosampler and inject 50 μL of the 

sample into the TFLC-ESI-MS/MS. Ion chromatograms for 
all analytes are shown in Fig.  2 .      

3.1  Stepwise 
Procedure

  Fig. 2    TFLC-ESI-MS/MS ion chromatograms of MTX, 7-OH MTX, DAMPA, and MTX-D 3  (I.S.) product ions       
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       1.    Instrumental operating parameters are shown in Tables  3  and  4 .
        2.    The data are analyzed using LCquan 2.6 software (Thermo 

Scientifi c).   
   3.    Standard curves are based on linear regression analysis for 

MTX, 7-OH MTX, and DAMPA. Weighted linear regression 
models with weights inversely proportional to the X values 
were used. The analysis compared I.S. peak area to sample 
peak area ( y -axis) versus analyte concentration ( x -axis) using 
the quantifying ions indicated in Table  5 .

3.2  Analysis

   Table 3  
  TurboFlow and HPLC operating parameters   

  A. HPLC method. TurboFlow parameters HPLC parameters  

  Step    Start    s    Flow    Grad    %A    %B    %C    Tee    Loop    Flow    Grad    %A    %B  

 1  0:00  30  2.00  Step  100  ====  Out  0.7  Step  100 

 2  0:30  45  0.15  Step  100  T  In  0.7  Step  100 

 3  1:15  15  2.00  Step  100  ====  In  0.7  Ramp  20  80 

 4  1:30  15  2.00  Step  100  ====  Out  0.7  Step  20  80 

 5  1:45  30  2.00  Step  100  ====  In  0.7  Step  20  80 

 6  2:15  45  2.00  Step  20  80  ====  Out  0.7  Step  20  80 

 7  3:00  45  2.00  Step  20  80  ====  In  0.7  Step  100 

 8  3:45  75  2.00  Step  100  ====  Out  0.7  Step  100 

  B. Mobile phase composition  

 Mobile phase 

 Loading 
pump A: 

 10 mM ammonium formate/0.1 % formic acid in water (v/v) 

 Loading 
pump B: 

 10 mM ammonium formate/0.1 % formic acid in methanol (v/v) 

 Loading 
pump C: 

 Acetonitrile/2-propanol/acetone (6:3:1 v/v) 

 Eluting 
pump A: 

 10 mM ammonium formate/0.1 % formic acid in water (v/v) 

 Eluting 
pump B: 

 10 mM ammonium formate/0.1 % formic acid in methanol (v/v) 

 Aqueous 
wash 1: 

 Water/acetic acid/acetonitrile (8.8:1:0.2 v/v) 

 Organic wash 
2: 

 Acetonitrile/2-propanol/acetone (6:3:1 v/v) 
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       4.    Acceptability of each run is confi rmed if the calculated control 
concentrations fall within two standard deviations of the target 
mean values. Target values are established as the mean of 20 
separate runs. If any control is greater than three standard 
deviations from the mean the run cannot proceed and trouble-
shooting procedure must commence.   

   5.    Typical coeffi cients of correlation of the standard curve are 
>0.995 ( see   Note 4 ).       

4    Notes 

     1.    Individual sets of calibrators and controls can be aliquoted and 
stored at −80 °C for 1 year. For each calibrator or control, ali-
quot 125 μL into a glass insert and place in a 2 mL amber glass 
vial and cap. Thaw completely before use.   

    Table 5  
  Analyte precursor and product ions   

 Analyte 
 Precursor ion 
( m/z ) 

 Product 
ion ( m/z )  CE (V)  Tube lens (V)  Skimmer (V)  CFPW (s) 

 MTX  455.1  308.1  18  105  10  5 

 7-OH MTX  471.2  324.2  11  105  10  5 

 DAMPA  326.1  175.1  18  110  10  5 

 MTX-D3  458.1  311.1  18  105  10  5 

    Optimized m/z may change based on instrument and tuning parameters  

    Table 4  
  MS/MS tune settings   

 Spray voltage (V):  4500 

 Vaporizer temperature (°C):  380 

 Sheath gas pressure (arbitrary units):  60 

 Ion sweep gas pressure (arbitrary units):  2.0 

 Aux gas pressure (arbitrary units):  15 

 Capillary temperature (°C):  235 

 Collision pressure (mTorr):  1.5 

 Data window (min):  1:45–3:15 
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   2.    A system suitability should be performed each day the method 
is run. The suitability includes running a test mix with all ana-
lytes to ensure proper retention time, integration, and 
sensitivity.   

   3.    A new standard curve should be generated with each analytical 
run to ensure method performance.   

   4.    The MTX, 7-OH MTX, and DAMPA assays were linear from 
0 to 0.454 μg/mL, 0.007 to 0.940 μg/mL, and 0.003 to 
0.325 μg/mL, respectively. Dilutions of 10-, 100-, and 1000-
fold were validated for all analytes. Within-day and between-
day precisions at concentrations spanning the analytical 
measurement ranges were less than 10 % for all three analytes.         
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    Chapter 24   

 Quantitative, Multidrug Pain Medication Testing by Liquid 
Chromatography: Tandem Mass Spectrometry (LC-MS/MS)       

     Geza     S.     Bodor       

  Abstract 

   Chronic pain is often treated with narcotic analgesics. The most commonly used narcotic analgesics are the 
opiates (natural or modifi ed compounds of the poppy plant) or opioids (synthetic chemicals that act on 
opiate receptors). While opiates and opioids are excellent analgesics, they can also have signifi cant side 
effects that include respiratory depression, coma, or death. Tolerance, physical dependence, and addiction 
(psychological dependence) are other severe side effects of opioid use. Patients who develop dependence 
or addiction often times abuse other, non-opioid narcotics and may trade their prescription medication for 
illegal street drugs (called “diversion”). In order to minimize side effects, detect possible multidrug abuse 
and prove diversion, simultaneous monitoring of numerous prescription and illicit drugs is required. 

 The method described in this chapter is for the quantitative measurement of 43 different drugs in 
urine. The panel includes narcotic pain medications, benzodiazepines, NIDA drugs, and other, commonly 
abused medications. The analytes of interests are injected in the presence of deuterated internal standards 
to correct for possible extraction ineffi ciencies, ion suppression, or other interferences. The sample is pre-
pared by adding dilution buffer with the deuterated internal standards to the sample, followed by reversed- 
phase, gradient HPLC separation on a Phenyl-Hexyl column using water and methanol as mobile phases. 
Detection of the analytes of interest is done by isotope-dilution mass spectrometry on a triple-quadrupole 
tandem mass spectrometer following electrospray ionization in the positive mode. Mass spectrometric 
(MS) data are collected in the scheduled MRM (sMRM) mode. Two MRM transitions are monitored for 
each analyte and one MRM transition is monitored for each IS. Quantitation of the unknown analytes is 
achieved by comparing the peak area ratios of the analytes to that of the internal standards and reading the 
unknown concentration from a seven-point calibration curve.  

  Key words     Opiates  ,   Opioids  ,   Narcotic analgesic  ,   Drugs of abuse  ,   Liquid chromatography  ,   Tandem 
mass spectrometry  

1       Introduction 

 Approximately 30 % of  the   US population (~100 million people) 
are affected by chronic pain [ 1 ,  2 ]. Those who seek help may 
receive drug therapy for their condition that consists of either 
NSAIDs or of  narcotic analgesics   according to the WHO 3-step 
analgesic protocol [ 3 ]. The most commonly used narcotic 
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 analgesics are the opiates (natural or modifi ed compounds of the 
poppy plant) or  opioids   (synthetic chemicals that act on  opiate   
receptors). While  opiates   and opioids are excellent analgesics, they 
can also have signifi cant side effects that include respiratory depres-
sion, coma, or death. Tolerance, physical dependence, and addic-
tion (psychological dependence) are other severe side effects of 
opioid use. Tolerance and physical dependence, when develop, will 
require successively higher doses of the drug to achieve the desired 
analgesic effect. Addiction, on the other hand, is characterized by 
drug seeking behavior that can lead to criminal activity to obtain 
the drug. Additional signs of addiction are dysfunctional  opioid   
use and the concurrent use of more than one narcotics, including 
illicit ones. Previously acquired tolerance can be lost if the  opioid   
drug is discontinued even for a few days. Resuming treatment after 
a hiatus, at the previously tolerated dose, could lead to  opioid   
overdose with occasional fatal outcome. 

 To prevent fatal drug overdose, to monitor appropriate medi-
cation use, and to assess the possibility of addiction, laboratory 
monitoring of chronic pain management must use appropriate 
analytical methods. These methods must be sensitive enough to 
detect the presence of prescribed drugs even when taken at low 
dosage or intermittently, as during “as needed” administration. 
The analytical method must also exhibit suffi cient analytical speci-
fi city for the individual analytes of interest to be able to detect pos-
sible concurrent use of similar drugs such as morphine and 
hydromorphone or morphine and codeine. Patients who are 
addicted to narcotic pain medications often use illicit drugs; there-
fore, they must be monitored for illegal drug use as well. 

 When we test for pain medications we assess the patient’s com-
pliance with his/her prescription and we look for the presence of 
non-prescribed or illicit compounds. Confi rmed absence of the 
prescribed drug is interpreted as “diversion,” or the illegal sale of 
prescription medication, while the presence of non-prescribed 
drugs may be a sign of addiction. Either one of these occurrences 
can lead to discharge of the patient from the treatment program. 
Compliance with treatment guidelines is only proven if the patient 
has the prescribed drug(s) or their metabolite(s) in his/her body 
while he/she does not have any non-prescribed narcotics on board. 

 These multiple requirements for pain medication monitoring 
mandate the use of chromatography-mass spectrometry-based meth-
ods for the desired sensitivity and specifi city, and they also require the 
use of panels that can simultaneously detect and quantitate the most 
frequently used and abused drugs in a single sample [ 4 ]. 

 This is a panel for the quantitative measurement and reporting 
of 43 different drugs in urine. The panel includes narcotic pain 
medications, benzodiazepines, NIDA drugs, and other, commonly 
abused medications. The analytes of interests are injected in the 
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presence of deuterated internal standards to correct for possible 
extraction ineffi ciencies, ion suppression, or other interferences. 

 The sample preparation method is a so-called “dilute and 
shoot” method. It is based on reversed-phase HPLC separation 
and isotope-dilution  mass spectrometry   analysis on a triple- 
quadrupole tandem mass spectrometer following electrospray 
(a.k.a. TurboIonSpray or TIS) ionization in the positive mode. 
 Mass spectrometry   scan is performed in the sMRM mode. Each 
unknown analyte is identifi ed by two, specifi c transitions and each 
deuterated IS is identifi ed by a single transition. 

 Quantitation of the unknown analytes is achieved by compar-
ing the peak area ratios of the analyte to that of the internal stan-
dard and reading the unknown concentration from a seven-point 
calibration curve.  

2     Materials 

   Timed or random urine are acceptable specimens for this testing. 
Samples are stable for 7 days at room temperature, 30 days refrig-
erated, or 12 months frozen.  

       1.    Drug-free urine (Utak Laboratories).   
   2.    Multi-constituent Pain Panel quality control at three different 

concentrations, custom ordered (Utak Laboratories).   
   3.    Mobile Phase A/Buffer A (10 mM Ammonium Formate in 

water): To 1.0 L LC/MS Optima grade water add 1 mL of 
10 M Ammonium Formate. Mix well. Store at room tempera-
ture on instrument. Reagent expires after 3 days and must be 
discarded if not used within 72 h.   

   4.    Mobile Phase B/Buffer B (Methanol with 0.1 % Formic Acid): 
To 500 mL of LC/MS Optima grade methanol add 500 μL 
formic acid. Store at room temperature (18–26 ° C) on instru-
ment. Reagent expires after 2 days and must be discarded. 
Extreme high room temperature will accelerate deterioration 
of mobile phase B. If room temperature is above 26 ° C this 
buffer must be made daily ( See   Note 1 ).   

   5.    Sample Diluent (SD): Mix together 180 mL Buffer A and 20 
mL Buffer B. Mix well. Sample diluent is used to prepare IS 
Working solution. Store refrigerated (2–8 °C) in tightly closed 
container. Reagent expires 7 days from preparation.   

   6.    Internal Standard Stock Solution (IS Stock): Pipette the vol-
ume of Cerilliant deuterated stock listed in column “Spike 
 volume (μL)” in Table  1 . into a 10 mL volumetric fl ask. QS 
the content of fl ask to 10 mL with MeOH. Store IS Stock 
solution in −70 ° C freezer. Stable for 6 months.

2.1   Samples

2.2   Reagents
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       7.    Internal Standard Working Solution (IS Working): Add 2.0 
mL of IS Stock solution to 100 mL Sample Diluent. Store IS 
Working solution refrigerated (2–8 ° C). Reagent expires when 
Sample Diluent used for preparation expires.      

       1.    All deuterated internal stock solutions and standards were pur-
chased from Cerilliant, Inc. (  www.cerilliant.com    ). The list of 
chemicals and the manufacturer’s catalog numbers to be used 
for the preparation of working internal standards (IS) are pre-
sented in Table  1 . Chemicals are stable unopened as stated by 
the manufacturer.   

2.3  Deuterated 
Internal Standards, 
Standards, 
and Calibrators

    Table 1  
  Preparation of IS stock solution   

 Deuterated chemical 

 Cerilliant 
catalogue 
number 

 Cerilliant 
stock conc 
(μg/mL) 

 Spike 
volume 
(μL) 

 IS Stock 
solution 
conc (ng/
mL) 

 IS Working 
solution conc 
(ng/mL) 

 6-Acetylmorphine-D3 
(6-MAM-D3) 

 A-006  100    60    600   60 

 Amphetamine-D5  A-005  100   400   4000  400 

 Benzoylecgonine-D8  B-001  100   500   5000  500 

 Codeine-D6  C-040  100   500   5000  500 

 Fentanyl-D5  F-001  100    20    200   20 

 Hydrocodone-D6  H-047  100   500   5000  500 

 Hydromorphone-D6  H-049  100   500   5000  500 

 Meperidine-D4  M-036  100   500   5000  500 

 Methadone-D3  M-008  100   500   5000  500 

 Methamphetamine-D5  M-004  100   500   5000  500 

 Morphine-D6  M-085  100   500   5000  500 

 Nordiazepam-D5  N-903  100   100   1000  100 

 Norbuprenorphine-D3  N-920  100   250   2500  250 

 Norpropoxyphene maleate-D5  N-904  100   500   5000  500 

 PCP-D5  P-003  100   100   1000  100 

 (±)-11-Hydroxy-.9-THC-D3 
(THC-OH-D3) 

 H-041  100   100   1000  100 

 (±)-11-nor-9-Carboxy-.9-
THC- D3 
(THC-COOH-D3) 

 T-004  100   100   1000  100 

 Tramadol-C13-D3  T-029  100   200   2000  200 
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   2.    Fentanyl Sub-Stock solution: Using the Cerilliant 1000 ng/
mL Fentanyl stock solution (F-013), prepare 50 ng/mL sub-
stock solution by adding 50 μL Cerilliant Fentanyl Stock to 
950 μL MeOH. Mix well. Store frozen at −70 °C. Solution 
expires with original Cerilliant stock expiration date.   

   3.    Calibrator Stock (100×) solution: Prepare Calibrator Stock 
(100×) solution by pipetting the amount indicated in the 
“Spike volume (μL)” column of Table  2  into a 10 mL volu-
metric fl ask. QS the content of the fl ask to 10 mL with metha-
nol. Mix well. Aliquot 1.1 mL of the Calibrator Stock (100×) 
solution into labeled 4 mL autosampler vials. Store at −70 C 
for up to 1 year.  See   Note 2 .

       4.    High Calibrator (Calibrator G) solution: Pipette 1.0 mL of 
Calibrator Stock (100×) solution into a 10 mL fl ask. QS to 10 
mL with Drug Free Urine. The High Calibrator (Calibrator 
G) solution is the highest concentration calibrator in the cali-
bration curve. Use Calibrator G immediately to prepare the 
other calibrators of the multi-constituent Pain Panel calibra-
tors as described below.   

   5.    Preparation of Calibrators A through F for the Pain Panel 
Calibration Curve: Levels for a seven-point calibration curve 
are prepared using the High Calibrator (Calibrator G) solution 
and Drug-Free urine according to Table  3 . After preparation 
aliquot 500 μL of each solution into 4 mL autosampler vials. 
Label and store aliquots frozen in the −70  ° C freezer. Unopened 
expiration is 1 year. Store opened vials refrigerated for up to 1 
month.
       The nominal concentrations of each drug in the individual 

Calibrators are listed in Table  4 .    ( See   Note 3 ).  

       1.    Kinetex Phenyl-Hexyl HPLC column, 50 mm × 4.6 mm × 2.6 
μm, part # 00B-4495-E0, Phenomenex.   

   2.    SecurityGuard Ultra Cartridges for UHPLC Phenyl 4.6 mm 
ID column, 3/pack, part # AJ0-8774, Phenomenex.   

   3.    SecurityGuard Ultra Cartridge Holder, part # AJ0-9000, 
Phenomenex.   

   4.    National Scientifi c 4 mL autosampler vials, 15 × 45 mm, 
13–425 screw-top vials, convenience kit, cat. # 03-391-7B, 
Fisher Scientifi c (or equivalent).   

   5.    1.5 mL autosampler vial kit, clear glass, 9 mm screw cap, 100/
pk (with “one twist” cap and pre-inserted PTFE/silicone 
 septum. Vial size is 12 × 32 mm, with a writing patch on the 
side) Shimadzu part number 228-45450-91.   

   6.    1.0 mL autosampler vial kit, clear glass, 8 × 40 mm shell vials 
with PE plugs, borosilicate type I class B glass. 250/pk 
Shimadzu part# 220-91521-06.   

2.4  Supplies 
and Equipment
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   Table 2  
  Preparation of calibrator stock (100×) solution   

 Analyte 

 Cerilliant 
catalogue 
number 

 Cerilliant 
stock conc 
(μg/mL) 

 Spike 
volume 
(μL) 

 Calibrator 
Stock (100×) 
conc (μg/mL) 

 6-Acetylmorphine (6-MAM)  A-009  1000  10  1 

 Alpha-hydroxyalprazolam  A-907  1000  20  2 

 Alprazolam  A-903  1000  20  2 

 Amphetamine  A-007  1000  250  25 

 Benzoylecgonine  B-004  1000  100  10 

  Buprenorphine    B-902  100  500  5 

  Carisoprodol    C-077  1000  300  30 

 Clonazepam  C-907  1000  20  2 

 Codeine  C-006  1000  300  30 

 Diazepam  D-907  1000  20  2 

 EDDP perchlorate  E-022  1000  200  20 

  Fentanyl  (*  use the previously prepared 50 
μL / mL sub - stock ) 

  F - 013    50 *   20 *  0.1 

 Flunitrazepam  F-907  1000  20  2 

 Flurazepam  F-003  1000  20  2 

 Hydrocodone  H-003  1000  100  10 

 Hydromorphone  H-004  1000  100  10 

 Lorazepam  L-901  1000  20  2 

 MDA (3,4-Methylenedioxyamphetamine)  M-012  1000  250  25 

 MDEA 
(3,4-Methylenedioxyethylamphetamine) 

 M-065  1000  250  25 

 MDMA 
(3,4-Methylenedioxymethamphetamine) 

 M-013  1000  250  25 

 Meperidine  M-035  1000  150  15 

  Meprobamate    M-039  1000  300  30 

 Methadone  M-007  1000  200  20 

 Methamphetamine  M-009  1000  250  25 

 Midazolam  M-908  1000  20  2 

 Morphine  M-005  1000  300  30 

 Naloxone  N-004  1000  150  15 

(continued)
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Table 2
(continued)

 Analyte 

 Cerilliant 
catalogue 
number 

 Cerilliant 
stock conc 
(μg/mL) 

 Spike 
volume 
(μL) 

 Calibrator 
Stock (100×) 
conc (μg/mL) 

 Naltrexone  N-007  1000  150  15 

 Norbuprenorphine  N-912   100  500  5 

 Nordiazepam  N-905  1000  20  2 

 Norfentanyl oxalate  N-031  1000  5  0.5 

 Normeperidine  N-017   100  1000  10 

 Norpropoxyphene maleate  N-913  1000  200  20 

 Oxazepam  O-902  1000  20  2 

 Oxycodone  O-002  1000  100  10 

 Oxymorphone  O-004  1000  100  10 

 Phencyclidine (PCP)  P-007  1000  25  2.5 

 Propoxyphene  P-011  1000  200  20 

 Sufentanil citrate  S-008   100  50  0.5 

 Temazepam  T-907  1000  20  2 

 (±)-11-Hydroxy-.9-THC (THC-OH)  H-027  1000  30  3 

 (−)-11-nor-9-Carboxy-.9-THC 
(THC-COOH) 

 T-019  1000  30  3 

 Tramadol HCl  T-027  1000  100  10 

   Table 3  
  Preparation of the individual calibrators of the multi-constituent calibration curve   

 Calibrator 
 High calibrator (Calibrator G) 
(mL) 

 Drug free urine 
(mL) 

 Final volume 
(mL) 

 Expected conc (x 
Cal C) 

 Calibrator G  4.00  –  4.00  10 

 Calibrator F  2.00  2.00  4.00  5 

 Calibrator E  1.00  3.00  4.00  2.5 

 Calibrator D  0.50  3.50  4.00  1.25 

 Calibrator C  0.40  3.60  4.00  1 

 Calibrator B  0.30  3.70  4.00  0.75 

 Calibrator A  0.20  3.80  4.00  0.5 
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   Table 4  
  Nominal concentrations of each drug in the individual calibrators   

 Cal A  Cal B  Cal C  Cal D  Cal E  Cal F  Cal G 

 6-MAM  5.00  7.50  10.00  12.50  25.00  50.00  100.00 

 Alpha-hydroxyalprazolam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Alprazolam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Amphetamine  125.00  187.50  250.00  312.50  625.00  1250.00  2500.00 

 Benzoylecgonine  50.00  75.00  100.00  125.00  250.00  500.00  1000.00 

  Buprenorphine    25.00  37.50  50.00  62.50  125.00  250.00  500.00 

  Carisoprodol    150.00  225.00  300.00  375.00  750.00  1500.00  3000.00 

 Clonazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Codeine  150.00  225.00  300.00  375.00  750.00  1500.00  3000.00 

 Diazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 EDDP  100.00  150.00  200.00  250.00  500.00  1000.00  2000.00 

 Fentanyl  0.50  0.75  1.00  1.25  2.50  5.00  10.00 

 Flunitrazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Flurazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Hydrocodone  50.00  75.00  100.00  125.00  250.00  500.00  1000.00 

 Hydromorphone  50.00  75.00  100.00  125.00  250.00  500.00  1000.00 

 Lorazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 MDA  125.00  187.50  250.00  312.50  625.00  1250.00  2500.00 

 MDEA  125.00  187.50  250.00  312.50  625.00  1250.00  2500.00 

 MDMA  125.00  187.50  250.00  312.50  625.00  1250.00  2500.00 

 Meperidine  75.00  112.50  150.00  187.50  375.00  750.00  1500.00 

  Meprobamate    150.00  225.00  300.00  375.00  750.00  1500.00  3000.00 

 Methadone  100.00  150.00  200.00  250.00  500.00  1000.00  2000.00 

 Methamphetamine  125.00  187.50  250.00  312.50  625.00  1250.00  2500.00 

 Midazolam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Morphine  150.00  225.00  300.00  375.00  750.00  1500.00  3000.00 

 Naloxone  75.00  112.50  150.00  187.50  375.00  750.00  1500.00 

 Naltrexone  75.00  112.50  150.00  187.50  375.00  750.00  1500.00 

 Norbuprenorphine  25.00  37.50  50.00  62.50  125.00  250.00  500.00 

 Nordiazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Norfentanyl  2.50  3.75  5.00  6.25  12.50  25.00  50.00 

 Normeperidine  50.00  75.00  100.00  125.00  250.00  500.00  1000.00 

(continued)
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   7.    Ab Sciex 5500 QTrap Mass spectrometer with TurboIonSpray 
(TIS) electrode, positive ionization mode.   

   8.    Shimadzu Prominence HPLC system, consisting of a reagent 
tray, DGU-20ASR Degasser, CTO-20 AC Column oven, two 
LC-20ADXR HPLC pumps, and SIL-20ACXR Autosampler.       

3     Methods 

       1.    Label suffi cient number of 1.5 mL autosampler injection vials 
for the double blank (BB), blank (B), seven levels of calibra-
tors, urine negative, QCs, and unknown samples.   

   2.    Remove working calibrators, QCs, and unknown samples from 
refrigerator. Let them warm to room temperature and vortex 
the samples for 4–5 s.   

   3.    To the autosampler vial labeled BB, add 1 mL DI water.   
   4.    To the autosampler vial labeled B add 1 mL IS Working 

solution.   
   5.    To the other vials add 50 μL of calibrators, QCs, and unknowns. 

To each vial add 1.0 mL of IS Working solution.   
   6.    Cap vials and vortex them for 4–5 s.   
   7.     See   Note 4 .      

3.1  Sample 
Extraction

Table 4
(continued)

 Cal A  Cal B  Cal C  Cal D  Cal E  Cal F  Cal G 

 Norpropoxyphene  100.00  150.00  200.00  250.00  500.00  1000.00  2000.00 

 Oxazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 Oxycodone  50.00  75.00  100.00  125.00  250.00  500.00  1000.00 

 Oxymorphone  50.00  75.00  100.00  125.00  250.00  500.00  1000.00 

 PCP  12.50  18.75  25.00  31.25  62.50  125.00  250.00 

 Propoxyphene  100.00  150.00  200.00  250.00  500.00  1000.00  2000.00 

 Sufentanil  2.50  3.75  5.00  6.25  12.50  25.00  50.00 

 Temazepam  10.00  15.00  20.00  25.00  50.00  100.00  200.00 

 THC-OH  15.00  22.50  30.00  37.50  75.00  150.00  300.00 

 THC-COOH  15.00  22.50  30.00  37.50  75.00  150.00  300.00 

 Tramadol  50.00  75.00  100.00  125.00  250.00  500.00  1000.00 

   Note : All concentrations are stated in ng/mL  
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       1.    Pumping Mode: Binary Flow.   
   2.    Total Flow: 0.600 mL/min.   
   3.    Pump B Starting Concentration: 10.0 %.   
   4.    For chromatography buffer gradient  see  Table  5 .

          Autosampler parameters are listed in Table  6 .

      MS acquisition is performed using electrospray (Turbo Ion Spray, 
TIS) ionization in the  Positive mode  . Data are collected during a 
single period, single experiment acquisition using scheduled MRM 
(sMRM). 

 MS method parameters are listed in Table  7 .

      Compound-independent parameters are listed in Table  8 .

      Q1/Q3 masses and compound-specifi c parameters for analytes are 
listed in Table  9 .

   Q1/Q3 masses and compound-specifi c parameters for internal 
standards are listed in Table  10 .  See   Notes 5 and 6 .

      The list of analytes with their respective IS are presented in Table  11 .

          1.    Use Analyst 1.6.2 or Multiquant 3.2 software (or equivalent) 
for data analysis. The quantifying ions of the analytes (MRM 
1 in Table  9 ) along with the MRM of the corresponding 

3.2  Chromatography 
(LC) Method 
Parameters

3.3   Autosampler

3.4  MS Method 
Parameters

3.5  Source 
(Compound- 
Independent) 
Parameters

3.6  MRM Transitions 
and Compound- 
Specifi c Parameters

3.7  List of Analytes 
with Their Respective 
Internal Standards

3.8   Data Analysis

   Table 5  
  Chromatography buffer gradient   

 Time after injection (min) 
 Buffer B 
(%) 

 0.00  10 

 1.00  10 

 5.00  90 

 5.01  100 

 7.00  100 

 7.01  10 

 9.00  10 
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   Table 6  
  Autosampler setting   

 Parameter  Value 

 Rinse volume  2000 μL 

 Needle stroke  2 mm 

 Rinse speed  35 μL/s 

 Sampling speed  15.0 μL/s 

 Purge time  1.5 min 

 Needle dip time  15 s 

 Rinse mode  Before and after aspiration 

 Cooler temperature  4  ° C 

 Column oven temp  40  ° C 

 Injection volume  5.00 μL 

   Table 7  
  MS method parameters   

 MS parameter  Value 

 Scan in period  1100 

 MRM detection window  30 s for each peak 

 Target scan time  0.300 s 

 Resolution Q1  Unit 

 Resolution Q3  Unit 

 MR pause  5.007 msec 

 MCA  No 

 Detector  2200 V 

   Table 8  
  Compound-independent source parameters   

 Source parameter  Value 

 Curtain gas (CUR)  35.00 

 Collision gas (CAD)  Medium 

 Ion spray voltage (IS)  4500 V 

 Source temperature (TEM)  600  ° C 

 Ion source gas 1 (GS1)  55.00 

 Ion source gas 2 (GS2)  60.00 
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    Table 9  
  Q1/Q3 masses, RTs, and compound-specifi c parameters for both MRM transitions of each analyte   

 Analyte name w/MRM #  Q1 Mass  Q3 Mass  RT  DP  EP  CE  CXP 

 6-MAM 1  328.0  165.1  3.0  90  10  46  8 

 6-MAM 2  328.0  211.0  3.0  90  10  34  8 

 Alpha Hydroxyalprazolam 1  325.2  297.1  4.9  51  11  37  6 

 Alpha Hydroxyalprazolam 2  325.2  216.1  4.9  51  11  53  4 

 Alprazolam 1  309.1  205.1  5.0  50  10  56  15 

 Alprazolam 2  309.1  281.0  5.0  50  10  38  15 

 Amphetamine 1  136.1   91.0  2.8  121  10  21  12 

 Amphetamine 2  136.1  119.1  2.8  121  10  11  6 

 Benzoylecgonine 1  290.1  168.1  3.6  200  10  25  15 

 Benzoylecgonine 2  290.1  105.1  3.6  150  10  40  8 

 Buprenorphine 1  468.1  396.1  4.5  60  10  54  15 

 Buprenorphine 2  468.1  414.0  4.5  60  10  45  15 

 Carisoprodol 1  261.1  176.1  4.6  300  15  12  15 

 Carisoprodol 2  261.1   97.0  4.6  100  10  21  15 

 Clonazepam 1  316.0  269.9  4.9  50  10  35  15 

 Clonazepam 2  316.0  214.1  4.9  50  10  50  15 

 Codeine 1  300.0  152.1  2.8  90  10  80  15 

 Codeine 2  300.0  115.1  2.8  90  10  85  15 

 Diazepam 1  285.1  193.1  5.3  50  10  45  15 

 Diazepam 2  285.1  154.1  5.3  50  10  35  15 

 EDDP 1  278.1  234.1  4.5  300   5  43  15 

 EDDP 2  278.1  186.1  4.5  250  10  45  15 

 Fentanyl 1  337.1  188.1  4.3  41  10  31  8 

 Fentanyl 2  337.1  105.2  4.3  41  10  47  10 

 Flunitrazepam 1  314.0  268.1  5.0  50  10  36  15 

 Flunitrazepam 2  314.0  239.0  5.0  50  10  45  15 

 Flurazepam 1  388.0  315.1  4.6  200  10  32  15 

 Flurazepam 2  388.0  134.2  4.6  50  10  65  15 

 Hydrocodone 1  300.0  199.1  3.1  72  10  54  12 

 Hydrocodone 2  300.0  128.1  3.1  60  10  75  12 

(continued)
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Table 9
(continued)

 Analyte name w/MRM #  Q1 Mass  Q3 Mass  RT  DP  EP  CE  CXP 

 Hydromorphone 1  286.1  185.1  2.1  91  10  39  12 

 Hydromorphone 2  286.1  128.1  2.1  91  10  75  10 

 Lorazepam 1  321.1  275.1  4.8  100  10  30  20 

 Lorazepam 2  321.1  229.1  4.8  100  10  41  20 

 MDA 1  180.1  105.1  3.1  180  10  29  8 

 MDA 2  180.1  133.1  3.1  200  10  23  10 

 MDEA 1  208.0  163.1  3.5  200  10  19  12 

 MDEA 2  208.0  105.1  3.5  150  10  35  8 

 MDMA 1  193.9  105.0  3.3  55  6  30  15 

 MDMA 2  193.9  135.0  3.3  80  11  30  20 

 Meperidine 1  248.1  174.1  4.0  100  10  47  20 

 Meperidine 2  248.1  220.1  4.0  72  10  49  8 

 Meprobamate 1  219.1   97.0  4.0  200  10  19  15 

 Meprobamate 2  219.1  158.1  4.0  150  10  12  15 

 Methadone 1  310.2  105.1  4.9  200  10  32  15 

 Methadone 2  310.2  265.1  4.9  200  10  21  15 

 Methamphetamine 1  150.2   64.9  3.1  60   9  55  20 

 Methamphetamine 2  150.2   91.0  3.1  130   9  25  35 

 Midazolam 1  326.0  291.1  4.8  101  10  37  22 

 Midazolam 2  326.0  249.1  4.8  101  10  49  18 

 Morphine 1  286.0  152.0  1.7  91  10  75  12 

 Morphine 2  286.0  165.0  1.7  91  10  49  12 

 Naloxone 1  328.1  212.1  2.7  65  10  50  15 

 Naloxone 2  328.1  253.1  2.7  65  10  32  15 

 Naltrexone 1  342.1  267.2  3.0  86  10  39  18 

 Naltrexone 2  342.1  282.1  3.0  86  10  37  20 

 Norbuprenorphine 1  414.1  186.9  4.2  50  10  50  20 

 Norbuprenorphine 2  414.1  381.9  4.2  40  7  35  20 

 Nordiazepam 1  271.0  140.0  5.1  110  13  35  13 

 Nordiazepam 2  271.0  165.1  5.1  100  7.5  35  20 

 Norfentanyl 1  233.0   84.2  3.6  55  10  21  15 

(continued)
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Table 9
(continued)

 Analyte name w/MRM #  Q1 Mass  Q3 Mass  RT  DP  EP  CE  CXP 

 Norfentanyl 2  233.0  150.1  3.6  55  10  28  15 

 Normeperidine 1  234.0  160.0  3.9  200  10  23  14 

 Normeperidine 2  234.0  188.1  3.9  66  10  21  16 

 Norpropoxyphene 1  308.0  100.1  4.6  120   7  20  20 

 Norpropoxyphene 2  308.0  143.0  4.6  110   7  30  20 

 Oxazepam 1  286.9  241.1  5.0  55  10  30  11 

 Oxazepam 2  286.9  269.2  5.0  55  10  19  9 

 Oxycodone 1  316.1  241.1  3.0  50  10  38  11 

 Oxycodone 2  316.1  256.1  3.0  50  10  35  11 

 Oxymorphone 1  302.1  227.1  1.9  75  10  39  8 

 Oxymorphone 2  302.1  198.0  1.9  75  10  57  8 

 PCP 1  244.1   91.0  4.3  45  10  18  15 

 PCP 2  244.1  159.1  4.3  100  10  19  15 

 Propoxyphene 1  340.1  266.2  4.7  200  10  10  15 

 Propoxyphene 2  340.1   91.1  4.7  44  10  70  15 

 Sufentanil 1  387.1  238.0  4.7  46  10  27  16 

 Sufentanil 2  387.1  111.1  4.7  46  10  49  10 

 Temazepam 1  301.1  177.1  5.1  70  10  51  20 

 Temazepam 2  301.1  255.1  5.1  200  10  30  8 

 THC-COOH 1  345.2  193.2  5.6  54  10  33  10 

 THC-COOH 2  345.2  299.2  5.6  54  10  33  10 

 THC-OH 1  331.2  193.2  5.6  70  11  30  15 

 THC-OH 2  331.2  313.0  5.6  70   8  18  20 

 Tramadol 1  264.1   58.1  3.8  45  10  115  10 

 Tramadol 2  264.1   42.1  3.8  45  10  110  10 

   Note : Numbers 1 and 2 indicate MRM transitions 1 and 2, respectively  

 deuterated IS are used to construct the 7-point calibration 
curves by calculating the calibrator/IS peak area ratios 
against the nominal concentrations of the calibrators. The 
unknown concentrations are read from this seven-point cali-
bration curve.   

   2.    Typical calibration curve correlation coeffi cients are >0.99.   
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   3.    Typical intra- and inter-assay imprecision are <10 % but many 
analytes will have better than 5 % total imprecision.   

   4.    Quality control ranges are established by establishing the mean 
and standard deviation for each analyte from at least 20 mea-
surements. Acceptable range is mean ± 2SD.       

4     Notes 

     1.    This chromatographic separation method is very sensitive to 
the composition of the mobile phase. A small change in buffer 
composition, especially that of Buffer B, can cause signifi cant 
retention time shift of some analytes, causing some peaks to 
partially shift outside of the established RT window (i.e., 
Midazolam) and/or the integration of the wrong peak (i.e., 
Codeine could be mis-integrated for Hydrocodone). Buffer 
composition change is greatly accelerated by elevated ambient 
temperatures. Careful review of peaks before releasing results is 
mandatory to detect RT shift.   

   Table 10  
  Q1/Q3 masses, RTs, and compound-specifi c parameters of the internal standards   

 IS name w/MRM  Q1 Mass  Q3 Mass  RT  DP  EP  CE  CXP 

 Amphetamine-d5  141.1   93.0  2.7  126  10  23  12 

 Benzoylecgonine-D8  298.1  171.1  3.6  200  10  25  15 

 Codeine-D6  306.2  152.2  2.8   90  10  80  15 

 Fentanyl-D5  342.2  105.1  4.3   50  10  52  15 

 Hydrocodone-D6  306.0  199.1  3.1   86  10  39   8 

 Hydromorphone-D6  292.0  185.0  2.1  100  10  39  12 

 Meperidine-D4  252.2  224.1  3.9  250  10  29  16 

 Methadone-D3  313.2  105.0  4.8  250  10  38  20 

 Methamphetamine-D5  155.1  121.2  3.1   80   8  17  30 

 Morphine-D6  292.1  152.0  1.7   65  10  75  15 

 Nordiazepam-D5  276.1  140.1  5.1   56   8  37   4 

 Norpropoxyphene-D5  313.2  100.1  4.6  250  10  17  15 

 PCP-D5  249.1   96.0  4.3   30  10  55  16 

 THC-COOH-D3  348.2  196.1  5.6   62  10  35  15 

 THC-OH-D3  334.2  196.3  5.6   55  10  36  15 

 Tramadol-13C, D3  268.3   58.1  3.8  100  10  43  20 

 Norbuprenorphine-D3  417.2  364.1  4.2  180  10  40  20 
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   Table 11  
  List of analytes with their respective IS   

 Internal standard (IS)  Analyte 

 6-MAM-D3  6-MAM 

 Naltrexone 

 Amphetamine-D5  Amphetamine 

 Benzoylecgonine-D8  Benzoylecgonine 

  Meprobamate   

 Codeine-D6  Codeine 

 Naloxone 

 Oxycodone 

 Fentanyl-D5   Carisoprodol   

 Fentanyl 

 Norfentanyl 

 Sufentanil 

 Hydrocodone-D6  Hydrocodone 

 Hydromorphone-D6  Hydromorphone 

 Meperidine-D4  Meperidine 

 Normeperidine 

 Methadone-D3  EDDP 

 Methadone 

 Methamphetamine-D5  MDA 

 MDEA 

 MDMA 

 Methamphetamine 

 Morphine-D6  Morphine 

 Oxymorphone 

 Norbuprenorphine-D3   Buprenorphine   

 Norbuprenorphine 

   2.    The Calibrator Stock (100×) solution may be used to perform 
carry-over studies if suffi ciently high concentration patient 
sample is not available for certain drug(s).   

   3.    Calibrator C can be considered as the “cut-off concentration” 
if this method is used for screening. The High Calibrator 

(continued)
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Table 11
(continued)

 Internal standard (IS)  Analyte 

 Nordiazepam-D5  Alpha Hydroxyalprazolam 

 Alprazolam 

 Clonazepam 

 Diazepam 

 Flunitrazepam 

 Flurazepam 

 Lorazepam 

 Midazolam 

 Nordiazepam 

 Oxazepam 

 Temazepam 

 Norpropoxyphene-D5  Norpropoxyphene 

 Propoxyphene 

 PCP-D5  PCP 

 THC-COOH-D3  THC-COOH 

 THC-OH-D3  THC-OH 

 Tramadol-13C, D3  Tramadol 

(Calibrator G) solution contains 10× the cutoff concentration 
(Calibrator C) of each drug in the panel.   

   4.    Extracted samples should be injected as soon as possible fol-
lowing extraction. However, extracted samples may be delayed 
for instrument maintenance or other reasons. We evaluated 
stability of extracted samples and found that the samples are 
stable for at least 7 days in the unopened autosampler vials in 
the refrigerator or on the refrigerated autosampler.   

   5.    All compound-specifi c method parameters were developed and 
optimized in the Analyst 1.6.2 software and are stored in the 
appropriate acquisition and quantitation method fi les and are 
specifi c for the AB Sciex QTrap 5500 instrument. Because a 
large number of analytes are measured simultaneously and they 
cover a wide dynamic range, mass spectrometric parameters 
were optimized for each analyte to provide the best response 
ratio throughout the clinically important concentration ranges. 
This optimization required tuning down instrument sensitivity 
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for some drugs to prevent detector saturation at high analyte 
concentrations. Additional optimization by the user of this 
method may be required if different instrumentation is used 
than what is described in this method.   

   6.    The listed retention times (RT) are observed on our multi-
plexed, dual Shimadzu HPLC system. Because of the extended 
tubing of a multiplexed system these retention times may not 
be applicable to a single HPLC system. If adapting this method 
to a non-multiplexed system, the user must establish the appro-
priate retention times for their hardware.         
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    Chapter 25   

 Quantifi cation of Free Phenytoin by Liquid 
Chromatography Tandem Mass Spectrometry (LC/MS/MS)       

     Judy     Peat    ,     Clint     Frazee    , and     Uttam     Garg        

  Abstract 

   Phenytoin (diphenylhydantoin) is an anticonvulsant drug that has been used for decades for the treatment 
of many types of seizures. The drug is highly protein bound and measurement of free-active form of the 
drug is warranted particularly in patients with conditions that can affect drug protein binding. Here, we 
describe a LC/MS/MS method for the measurement of free phenytoin. Free drug is separated by ultrafi l-
tration of serum or plasma. Ultrafi ltrate is treated with acetonitrile containing internal standard phenytoin 
d-10 to precipitate proteins. The mixture is centrifuged and supernatant is injected onto LC-MS-MS, and 
analyzed using multiple reaction monitoring. This method is linear from 0.1 to 4.0 μg/mL and does not 
demonstrate any signifi cant ion suppression or enhancement.  

  Key words     Phenytoin  ,   Free phenytoin  ,   Mass spectrometry  ,   Seizures  ,   Convulsions  ,   Epilepsy  

1      Introduction 

    Phenytoin  , 5,5- diphenylimidazolidinedione  , is an anticonvulsant 
drug  frequently   prescribed for grand mal  epilepsy  , cortical focal 
 seizures  , and temporal lobe  epilepsy   [ 1 ,  2 ]. It was fi rst synthesized 
in 1908 and continues to be a preferred drug in the management 
of many types of epilepsy. Since the drug has narrow therapeutic 
window, its therapeutic drug monitoring is desired [ 1 ]. Generally, 
total  phenytoin   concentration is measured and is adequate for 
 therapeutic drug monitoring  . However, since the drug is highly 
protein bound (>90 %), and many conditions such as altered pro-
tein concentrations, renal dysfunction, and co-administration of 
drugs that bind to albumin can affect free  phenytoin   concentra-
tion, measurement of free (active) drug is required for  optimal 
  therapeutic drug monitoring [ 3 ,  4 ]. The optimal therapeutic con-
centration for total and free  phenytoin   is 10–20 μg/mL and 
1–2 μg/mL respectively [ 1 ,  2 ]. 

  Phenytoin   is generally measured by immunoassays or chro-
matographic methods [ 5 – 12 ]. Immunoassays for total  phenytoin   are 
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readily available, whereas immunoassays for free phenytoin are scanty 
on automated chemistry analyzers. Also, immunoassays are not very 
specifi c and may exhibit interferences [ 13 ,  14 ]. Therefore, chro-
matographic methods are preferred over immunoassays. Various 
chromatographic methods such as  gas-chromatography    mass spec-
trometry  , HPLC with UV detector or LC/MS/MS methods have 
been described. We present a simple LC/MS/MS method for the 
assay of  free   phenytoin.  

2    Materials 

   0.5 mL heparinized plasma or serum in no-gel plain tube. Store in 
a refrigerator (<5 °C) until analysis. The samples are stable for 4 
days.  

       1.    Sodium phosphate-anhydrous, dibasic (Na 2 HPO 4 ) (ACS 
grade).   

   2.    Sodium phosphate-monohydrate, monobasic (NaH 2 PO 4 •H 2 O) 
(ACS grade).   

   3.    Sodium azide (Mallincroft).   
   4.    Human drug-free pooled normal plasma (UTAK).   
   5.    0.20 M Na 2 HPO 4 : Add 2.84 g of Na 2 HPO 4  (anhydrous) to a 

100 mL volumetric fl ask and qs with DI water. Stopper and 
invert gently until mixed.   

   6.    0.20 M NaH 2 PO 4 : Add 1.38 g NaH 2 PO 4 •H 2 O (monohy-
drate) to a 50 mL volumetric fl ask and qs with DI water. 
Stopper and invert gently until mixed.   

   7.    0.20 M Phosphate Buffer: Combine 2 mL of 0.20 M NaH 2 PO 4  
and 100 mL of 0.20 M Na 2 HPO 4  in a 150 mL beaker. Mix and 
check pH. The pH should be 7.4 ± 0.1. Adjust pH to 7.4 with 
0.20 M Na 2 HPO 4  or 0.20 M NaH 2 PO 4 , if necessary.   

   8.    0.6 M NaCl: Add 3.6 g of NaCl to a 100 mL volumetric fl ask 
and qs with DI water. Stopper and invert gently until mixed.   

   9.    Phosphate buffered saline, pH 7.4 (used for making calibra-
tors): Combine 100 mL of phosphate buffer with 100 mL of 
0.6 M NaCl. Add 50 mg of sodium azide. Mix and check 
pH. The pH should be 7.4 ± 0.1. Adjust pH to 7.4 with 0.20 M 
Na 2 HPO 4  or 0.20 M NaH 2 PO 4 , if necessary.   

   10.    Mobile phase A: Add 1.14 mL formic acid to 1 L of HPLC 
grade water. Mix, fi lter, and degas. Use at room temperature. 
Stable for 6 months.   

   11.    Mobile phase B: Add 1.14 mL formic acid to 1 L of HPLC 
grade methanol. Mix, fi lter, and degas. Use at room tempera-
ture. Stable for 6 months.      

2.1  Samples

2.2  Solvents 
and Reagents

Judy Peat et al.



243

       1.    Primary Internal Standard: 100 μg/mL phenytoin- d10  in 
methanol (Cerilliant). For stability see Certifi cate of Analysis.   

   2.    Primary Standard: 1 mg/mL  phenytoin   in methanol 
(Cerilliant). For stability see Certifi cate of Analysis.   

   3.    Secondary (2 0 ): 100 μg/mL phenytoin in methanol. Make a 
1:10 quantitative dilution of the primary phenytoin standard. 
Stable for 1 year when stored at < 20 °C.   

   4.    Tertiary Standard (3 0 ): 10 μg/mL  phenytoin   in methanol. 
Make a 1:10 quantitative dilution of the secondary phenytoin 
standard. Stable for 1 year when stored at < 20 °C.      

       1.    Calibrators: Prepare calibrators 1–6 according to Table  1 .
       2.    Quality Controls: BIORAD Liquichek TDM Levels 1 and 2. 

Ranges are established in-house. Store at < 0 °C.      

       1.    Applied Biosystems LC/MS/MS 4000Q TRAP with Shimadzu 
HPLC.   

   2.    Analytical column: Restek Ultra BiPh 5 μm 50 × 2, 1 mm.   
   3.    1.5 mL microcentrifuge tubes.   
   4.    Autosampler vials with glass inserts and screw caps.       

3    Methods 

       1.    Add 0.5 mL of sample, blank, and controls to labeled Millipore 
Protein Filter.   

   2.    Centrifuge for 10 min at 2000 ×  g  at 20 °C.   

2.3  Standards 
and Internal Standards

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies

3.1  Stepwise 
Procedure

   Table 1  
  Preparation of calibrators in phosphate buffered saline   

 Calibrator (μg/ mL) 
 mL of Phosphate 
buffer, pH 7.4 

 μL of 2 0  
Standard 

 μL of 3 0  
Standard 

 Blank  1.00 

 0.1  0.99   10 

 0.2  0.98   20 

 0.5  0.95   50 

 1.0  0.90  100 

 2.0  0.98  20 

 4.0  0.96  40 

  Note: Calibrators are stable for 6 months when stored at < 20 °C  

Measurement of Free Phenytoin
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   3.    Pipette 20 μL of each patient, blank, and control ultrafi ltrate, 
and 20 μL of each buffered calibrator (unfi ltered), into labeled 
microcentrifuge tubes.   

   4.    Pipette 100 μL of IS reagent into each microcentrifuge tube.   
   5.    Vortex and let stand for 5 min. Centrifuge for 5 min at 

10,000 ×  g  ( See   Note 1 ).   
   6.    Pipette approximately 80 μL of supernatant into a labeled 

autosampler vial.   
   7.    Inject 5 μL into LC/MS/MS for analysis (LC parameters are 

given in Table  2 ).

              1.    Data are analyzed using Target Software (Thru-Put Systems) 
or similar software.   

   2.    Standard curves are generated based on linear regression of the 
analyte/IS peak area ratio (y) versus analyte concentration (x) 
using the quantifying ion listed in Table  3 . Monitored ions are 
given in Table  3 .  See   Notes 2  and  3. 

       3.    Typical ion extract chromatogram is shown in Fig.  1 .
       4.    The coeffi cient of correlation must be >0.99.   
   5.    Linearity of the method is 0.1–4.0 μg/mL.   
   6.    Runs are accepted if calculated controls fall within two stan-

dard deviations of target values ( See   Note 4) .       

4    Notes 

     1.    There should be no precipitate present in the microcentrifuge 
tube after centrifugation. If precipitation is observed, the 
Millipore Protein Filter may have been faulty. A fresh sample 
aliquot should be prepared using a new fi lter.   

3.2  Data Analysis

   Table 2  
  LC parameters   

 Time (min)  Mobile phase A (%)  Mobile phase B (%) 

 0.2  98  2 

 1.0  5  95 

 2.0  5  95 

 3.5  98  2 

 3.6  Stop  Stop 

  Total fl ow: 0.6 mL/min 
 Oven: 40 °C  

Judy Peat et al.
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    Table 3  
  Mass spectrometer parameters   

 Q1 mass 
 Q3 
mass 

 Dwell 
(msec)  Parameter  Start  Stop  ID 

 252.98  182.10  200  CE < p > CXP  25.00 < p > 10.00  25.00 < p > 10.00  Phenytoin Quant ion 

 252.98  104.00  200  CE < p > CXP  47.00 < p > 16.00  47.00 < p > 16.00  Phenytoin Qual Ion 

 263.10  192.16  200  CE < p > CXP  27.00 < p > 16.00  27.00 < p > 16.00  Phenytoin-d10 

  Scan type: MRM 
 Polarity: Positive 
 Ion Source: Turbo Spray 
 Resolution Q1 and Q3: Unit 
 CUR: 25.00 
 TEM: 550.00 
 GS1: 50.00 
 GS2: 50.00 
 ihe: ON 
 CAD: Medium 
 IS: 4000.00 
 DP: 71.00 
 EP: 10.00  
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m/z 252.98 182.10 [phenytoin]

m/z 263 10 192 16 [phenytoin]

m/z 252 98 104.00 [phenytoin-d10]

  Fig. 1    MRM chromatogram of phenytoin and phenytoin-d10       
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   2.    A value for total  phenytoin   can be obtained by analyzing 20 μL 
of unfi ltered sample. If a dilution is needed blank plasma may 
be used.   

   3.    Water can be used as a diluent for the ultrafi ltrate when a free 
 phenytoin   value is above the curve.   

   4.    Deviation is generally <10 %.           
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    Chapter 26   

 Detection of Stimulants and Narcotics by Liquid 
Chromatography-Tandem Mass Spectrometry and 
Gas Chromatography-Mass Spectrometry for Sports 
Doping Control       

     Brian     D.     Ahrens    ,     Yulia     Kucherova    , and     Anthony     W.     Butch      

  Abstract 

   Sports drug testing laboratories are required to detect several classes of compounds that are prohibited at 
all times, which include anabolic agents, peptide hormones, growth factors, beta-2 agonists, hormones and 
metabolic modulators, and diuretics/masking agents. Other classes of compounds such as stimulants, 
narcotics, cannabinoids, and glucocorticoids are also prohibited, but only when an athlete is in competi-
tion. A single class of compounds can contain a large number of prohibited substances and all of the com-
pounds should be detected by the testing procedure. Since there are almost 70 stimulants on the prohibited 
list it can be a challenge to develop a single screening method that will optimally detect all the compounds. 
We describe a combined liquid chromatography-tandem mass spectrometry (LC-MS/MS) and gas 
chromatography- mass spectrometry (GC-MS) testing method for detection of all the stimulants and nar-
cotics on the World Anti-Doping Agency prohibited list. Urine for LC-MS/MS testing does not require 
sample pretreatment and is a direct dilute and shoot method. Urine samples for the GC-MS method 
require a liquid-liquid extraction followed by derivatization with trifl uoroacetic anhydride.  

  Key words     Liquid chromatography  ,   Gas chromatography  ,   Mass spectrometry  ,   Stimulants  ,   Narcotics  , 
  Urine  ,   Doping  ,   World Anti-Doping Agency  

1      Introduction 

      World Anti-Doping Agency (WADA)  -accredited  drug   testing 
 laboratories   are required to monitor  numerous    classes   of com-
pounds for sports doping control programs based on the  WADA   
prohibited list of substances (Table  1 ) [ 1 ]. For athletes that are in 
competition, additional classes of compounds are also prohibited 
such as  stimulants  ,  narcotics  , cannabinoids, glucocorticoids, and 
beta-blockers (Table  1 ). Some of the classes of compounds on 
the prohibited list contain large numbers of drugs that need to 
be monitored for doping control programs. For example, there are 
close to 70 stimulants on the  WADA   prohibited list and the number 
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of target compounds being monitored by accredited laboratories 
is even larger since compounds with a “similar chemical structure 
or biological effect” are also banned  by   WADA [ 1 ].

   Given the large number of stimulants that are monitored by 
anti-doping laboratories it can be a challenge to develop a single 
screening method to detect all the relevant compounds, especially 
at the minimum required performance levels required  by   WADA [ 2 ]. 
Gas chromatography mass spectrometry (GC-MS) is often utilized 
to detect a wide range of stimulants after solid-phase or liquid-
liquid extraction of urine samples [ 3 ,  4 ]. When using GC-MS 
methods to detect stimulants a derivatized urine extract is usually 
prepared because some underivatized stimulants produce a limited 
number of diagnostic ions that are often in low abundance [ 5 ]. 
 Liquid chromatography-tandem mass spectrometry (LC-MS/MS)   
can be used to detect thermolabile, volatile, and polar compounds 
and does not require sample derivatization for good chromato-
graphic separation and abundant diagnostic ions. LC-MS/MS 
has routinely been used for detection of stimulants and a major 
advantage of this approach is that high-throughput screening 
methods can be developed without the need for a sample concen-
tration/cleanup step (dilute and shoot methods) [ 6 ]. Since some 
compounds such as the metabolites of cocaine and methylpheni-
date are poorly recovered after liquid-liquid extraction, dilute and 
shoot  LC-MS/MS   methods are an attractive alternative for detect-
ing these stimulants at the required  WADA   minimum required 

    Table 1  
  2015  World Anti-doping Agency   list of prohibited substances   

  Prohibited at all times  

 • Anabolic agents 

 • Peptide hormones, growth factors, related substances and 
mimetics 

 • Beta-2 agonists 

 • Hormone and metabolic modulators 

 • Diuretics and masking agents 

 • Beta-blockers (archery and shooting only) 

  Prohibited only in competition  

 • Stimulants 

 • Narcotics 

 • Cannabinoids 

 • Glucocorticoids 

 • Beta-blockers (some sports) 

Brian D. Ahrens et al.
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performance levels [ 7 ]. Narcotics can also be detected by LC-MS/
MS dilute and shoot methods, which have the necessary analytical 
sensitivity to detect fentanyl and fentanyl derivatives at the required 
detection limit of 2 ng/mL [ 6 ]. 

 In this chapter we describe a combined LC-MS/MS and 
GC-MS method for detection of all the stimulants and narcotics on 
the  WADA   prohibited list. The LC-MS/MS method does not 
require a urine pretreatment step (dilute and shoot method). For 
GC-MS analysis, urine samples require a liquid-liquid extraction 
step followed by derivatization with trifl uoroacetic anhydride.  

2    Materials 

   Only urine samples can be tested using this method. Refrigerated 
storage of urine is recommended prior to analysis to prevent bacte-
rial growth and urine degradation.  

       1.    Phenazine working solution (0.5 μg/mL): To a 100 mL volu-
metric fl ask add 1 mL of a 0.05 mg/mL phenazine solution 
prepared in isopropanol, 9 mL of isopropanol, and 90 mL of 
diethylether.   

   2.    Hydrochloric/mercaptoacetic acid (9:1): To a 1 L conical fl ask 
add 275 mL of deionized water and a magnetic stir bar. While 
stirring slowly, add 25 mL of 12 M hydrochloric acid (HCl) 
and 32 mL of mercaptoacetic acid.   

   3.    Sodium hydroxide (12 M): To a 1 L conical fl ask placed in an 
ice bath add 500 mL of deionized water and a magnetic stir 
bar. While stirring, add 240 g of sodium hydroxide in 10 g 
portions and continue stirring until all solids dissolve.   

   4.    Sodium bicarbonate:potassium bicarbonate solid buffer (3:2, 
w:w).   

   5.    Ammonium bicarbonate buffer (100 mM): To a 1 L volumet-
ric fl ask add 850 mL of deionized water, a magnetic stir bar 
and 7.906 g of ammonium bicarbonate. Stir until all solids dis-
solve and adjust to pH 7.0 by dropwise addition of glacial ace-
tic acid. Bring to 1 L fi nal volume with deionized water, 
stopper, and invert several times to mix thoroughly.   

   6.    Enzyme: Purifi ed aqueous β-glucuronidase solution 
(IMCSzyme product 04-E1F, IMCS) with a specifi c activity 
>50,000 U/mL.   

   7.    LC-MS/MS reagent mixture: To a 10 mL glass tube with a 
screw cap add 50 μL of internal standard solution for 
LC-MS/MS, 1 mL of 100 mM ammonium bicarbonate buffer 
and 50 μL of enzyme. Cap the glass tube and invert several 
times to mix.   

2.1  Samples

2.2  Reagents 
and Solutions

Detection of Stimulants and Narcotics for Sports Doping Control
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   8.    0.1 % formic acid in water: Add 999 mL of deionized water to 
a 1 L glass reagent bottle followed by the addition of 1 mL of 
formic acid. Mix thoroughly.   

   9.    0.1 % formic acid in methanol: Add 999 mL of methanol to a 
1 L glass reagent bottle followed by the addition of 1 mL of 
formic acid. Mix thoroughly.   

   10.    Trifl uoroacetic anhydride: Reagent Plus ≥99 % from Sigma-
Aldrich.      

       1.    Negative control urine: Urine from a healthy volunteer not 
taking any medications or supplements.   

   2.    GC-MS calibrator for stimulants: Add 2.5 μg/mL of cathine 
and 5 μg/mL ephedrine, methephedrine and pseudoephed-
rine, and 3 μg/mL of caffeine to the negative control urine. All 
drugs are added from solutions prepared in methanol.   

   3.    LC-MS/MS positive control for stimulants: Add 400 ng/mL 
of dobutamine and 200 ng/mL of amphetamine, benzoylec-
gonine, chlorphentermine, cropropamide, crotethamide, 
cyclazodone, dimethylamphetamine, epinephrine, fen-
butrazate, fencamine, heptaminol, isometheptene, methyl-
hexanamine, methylphenidate, norphenylephrine, octopamine, 
pentetrazol, phenpromethazine, ritalinic acid, strychnine, and 
tuaminoheptane to the negative control urine. All drugs are 
added from solutions prepared in methanol.   

   4.    LC-MS/MS positive control for fentanyls: Add 2 ng/mL of 
alfentanil, fentanyl, norfentanyl, remifentanil, and sufentanil to 
the negative control urine ( see   Note 1 ). All drugs are added 
from solutions prepared in methanol.   

   5.    LC-MS/MS positive control for narcotics: Add 100 ng/mL of 
morphine, 50 ng/mL of hydrocodone, hydromorphone, 
pethidine, noroxycodone, oxycodone, oxymorphone, and pro-
poxyphene, and 5 ng/mL of  buprenorphine   and norbuprenor-
phine to the negative control urine. All drugs are added from 
solutions prepared in methanol.   

   6.    GC-MS positive control for stimulants: Add 200 ng/mL of 
amphetamine, fencamfamine, methadone, methamphetamine, 
phendimetrazine, and phenmetrazine to the negative control 
urine. All drugs are added from solutions prepared in methanol.   

   7.    LC-MS/MS internal standard solution: Prepare a solution 
containing 0.1 μg/mL of d5-fentanyl and 20 μg/mL of 
d3-morphine-3β- D -glucuronide in methanol.   

   8.    GC-MS internal standard for amphetamines: Prepare a 
25 μg/mL solution of d5-amphetamine in ethyl acetate.   

   9.    GC-MS phenazine internal standard: Prepare a 50 μg/mL 
solution of phenazine in isopropanol.      

2.3  Calibrators, 
Controls, and Internal 
Standards

Brian D. Ahrens et al.
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       1.    High-performance liquid chromatography (HPLC) column: 
Reversed-phase biphenyl 100 Å, 2.6 μm particle size, 50 × 3 mm 
(Phenomenex).   

   2.    Gas chromatography column: Ultra 1 100 % dimethylpolysilox-
ane, 17 m, 0.2 mm internal diameter, 0.33 μm fi lm thickness 
(Agilent).   

   3.    15 mL glass round-bottom tubes with polytetrafl uoroethylene 
(PTFE)-lined screw caps: These tubes are used for extraction 
of urine samples (GC-MS testing method).   

   4.    10 mL glass conical tubes with PTFE-lined screw caps: These 
tubes are used for derivatization of sample extracts (GC-MS 
testing method).   

   5.    10 mL glass round-bottom tubes with PTFE-lined screw caps: 
These tubes are used for sample dilution (LC-MS/MS testing 
method).   

   6.    2 mL auto sampler vials (Phenomenex).   
   7.    2 mL auto sampler vials with 0.3 mL inserts (Phenomenex).   
   8.    Crimp caps for auto sampler vials with PTFE-lining 

(Phenomenex).      

       1.    LC-MS/MS system (AB Sciex API 4000 or API 4000 QTRAP) 
with electrospray interface and auto sampler.   

   2.    GC-MS system (Agilent 6890/5972 or 5890/5972) operated 
in electron impact mode equipped with an auto sampler.       

3    Methods 

       1.    Place 0.1 mL of each urine sample into separate 10 mL round- 
bottom glass tubes. With every batch of samples, add 0.1 mL 
of negative control urine, positive control urine for stimulants, 
positive control urine for fentanyls, and positive control urine 
for narcotics into separate glass tubes ( see   Note 2 ).   

   2.    To each tube add 44 μL of LC-MS/MS reagent mixture, cap, 
and gently swirl to mix ( see   Note 3 ).   

   3.    Incubate for 1 h at 50 °C.   
   4.    Transfer 100 μL to an auto sampler vial with a 0.3 mL insert 

and cap.      

       1.    Fill the mobile-phase reservoirs A and B with 0.1 % formic acid 
in water and 0.1 % formic acid in methanol, respectively.   

   2.    Perform combined stimulants and narcotics acquisition for all 
samples and negative and positive control urine samples using 
the reversed-phase biphenyl HPLC column at a constant fl ow 

2.4  Supplies

2.5  Equipment

3.1  LC-MS/MS 
Sample Preparation

3.2  LC-MS/MS 
Analysis
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rate of 0.6 mL per minute. The mobile phase gradient is initially 
10 % methanol. The 10 % methanol is held for 0.5 min, ramped 
to 25 % during the next 1.5 min, ramped to 80 % methanol 
over the next 2.5 min, increased to 85 % and held for 1 min, 
then returned to 10 % methanol and held for 1.5 min.   

   3.    Parameters for the electrospray ionization source and mass 
spectrometer are instrument-specifi c. For the AB Sciex API 
4000 QTRAP instrument the parameters are as follows: curtain 
gas 20 PSI, collision gas medium, electrospray voltage 5500 V, 
sprayer temperature 450 °C, needle gas 30 PSI, heater gas 30 
PSI, entrance potential 10 V, and declustering potential 35 V.   

   4.    The mass spectrometer is operated in multiple reaction 
monitoring mode (MRM). Retention times and transitions 
(precursor/product ion pairs) for internal standards, narcotics 
and stimulants are shown in Tables  2  and  3 . Between 1 and 3 
transitions are monitored in MRM mode depending on the 
compound of interest.

               1.    Integrate chromatograms for all MRMs and check all data for 
proper integration of the internal standards using Analyst soft-
ware. Check for proper integration of all target compounds in 
the positive control urines.   

   2.    Check for consistency of internal standard retention times 
between positive control urine, negative control urine and 
unknown samples. Internal standard retention times should be 
stable and within ±0.3 min of the retention times presented in 
Tables  2  and  3 . Retention times for target compounds present 
in positive control urine are expected to be within ±0.5 min of 
the retention times presented in Tables  2  and  3 .   

   3.    The negative control urine must not contain any of the target 
compounds. The chromatograms should not have any inte-
grated peaks within the expected retention time ranges for any 
of the monitored diagnostic transitions.   

   4.    The peak heights of the internal standards d5-fentanyl and 
d3-morphine should be greater than 10,000 counts per second 
(cps). The peak heights of the narcotics in the control urine 
should be greater than 3000 cps. The peak heights of the stim-
ulants in the control urine should be greater than 10,000 cps 
( see   Note 4 ).   

   5.    For unknown samples, a chromatographic peak in the window 
for a compound that has only one diagnostic transition that is 
within ±15 s of the expected retention time of the target 
compound is indicative of a positive result. In cases where 
multiple diagnostic transitions are monitored, the presence of 
a  chromatographic peak for each of the transitions must be 
within ±15 s of the expected retention time of the target 

3.3  LC-MS/MS Data 
Analysis
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compound for a positive result ( see   Note 5 ). For compounds 
with several MRMs a comparison of the relative peak height 
for the ions in the unknown sample and the calibrator/positive 
control should be performed to increase the discriminating 
power of the testing procedure. If the relative abundance of 
the diagnostic ion(s) in the calibrator/positive control is 
between 1 and 25 % of the base peak, then the absolute abun-
dance of the ion in the unknown sample must be ±5 %; if 
between 25 and 50 % then the relative abundance in the 
unknown sample must be ±20 %; if >50 % then the absolute 
abundance of the unknown sample must be within ±10 % [ 8 ].      

     Table 2  
  Retention times and precursor/product ions (MRMs) for internal 
standards and narcotics by LC-MS/MS   

 Name  Retention time (min)  MRM 1  MRM 2 

 Internal standards 

 d5-Fentanyl  4.81  342/188 

 d3-Morphine  1.53  289/201  289/153 

 d3-Morphine glucuronide  0.61  465/289  465/201 

 Narcotics 

 Alfentanil  4.77  417/268  417/197 

  Buprenorphine    4.78  468/414  468/396 

 Codeine  3.92  300/215  300/165 

 Fentanyl  4.84  337/188  337/105 

 Hydrocodone  4.20  300/199  300/171 

 Hydromorphone  2.10  286/185  286/157 

 Morphine  1.62  286/201  286/153 

 Norbuprenorphine  5.45  414/187  414/414 

 Norfentanyl  4.28  233/84  233/177 

 Noroxycodone  3.76  302/284  302/187 

 Oxycodone  4.03  316/298  316/241 

 Oxymorphone  3.72  302/284  302/227 

 Pethidine  4.59  248/220  248/174 

 Propoxyphene  4.55  340/58  340/266 

 Remifentanil  4.14  377/317  377/345 

 Sulfentanil  4.90  387/238  387/111 

 Tramadol  3.96  264/58 

Detection of Stimulants and Narcotics for Sports Doping Control
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       1.    Place 5 mL of urine into two separate 15 mL round-bottom 
tubes and cap the tubes with PTFE-lined screw caps. Duplicate 
aliquots of the calibrator, positive control, and negative con-
trol urine samples are included with each batch of unknown 
samples. Batches containing tubes 1 and 2 are treated as 
described below.   

   2.    To tube 1, add 0.5 mL of a 9:1 hydrochloric acid:mercaptoacetic 
acid solution. Cap each tube and mix thoroughly.   

   3.    Incubate tube 1 for 1 h at 95 °C.   

3.4  GC-MS Sample 
Preparation

     Table 3  
  Retention times and precursor/product ions (MRMs) for internal standards and stimulants by LC-MS/MS   

 Name  Retention time (min)  MRM 1  MRM 2  MRM 3 

 Internal standards 

 d5-Fentanyl  4.81  342/188 

 d3-Morphine  1.53  289/201  289/153 

 d3-Morphine glucuronide  0.61  465/289  465/201 

 Stimulants 

 Benzoylecgonine  4.40  290/168  290/105 

 Cropropamide  4.80  241/196  241/100 

 Crotethamide  4.65  227/182  227/154 

 Cyclozadone  4.70  217/146  217/106 

 Dimethylamphetamine  3.75  164/119  164/91 

 Dobutamine  3.72  302/107  302/137  302/166 

 Fenbutrazate  4.90  368/191  368/119 

 Fencamine  4.30  385/267  385/236 

 Heptaminol  0.94  146/128  146/69 

 Isometheptene  3.90  142/69  142/41 

 Methylhexaneamine  2.90  116/99  116/57 

 Methylphenidate  4.44  234/84  234/174 

 Norfenefrine  0.70  154/136  154/119  154/91 

 Octopamine  0.70  154/91  154/119 

 Pentetrazol  4.20  139/96  139/69 

 Phenpromethamine  2.60  150/119  150/91 

 Ritalinic acid  4.19  220/84  220/91  220/174 

 Strychnine  4.45  335/184  335/156 

 Tuaminoheptane  2.90  116/57  116/43 
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   4.    Remove tube 1 from the heating block and allow to cool for 
5 min at room temperature.   

   5.    Add 0.6 mL of 12 N sodium hydroxide to both tubes 1 and 2, 
followed by 2 g of sodium bicarbonate:potassium carbonate 
solid buffer.   

   6.    Add 2 mL of phenazine working solution to tubes 1 and 2, 
cap, and mix thoroughly for 5 min.   

   7.    Centrifuge at 550 ×  g  for 10 min ( see   Note 6 ).   
   8.    Add 30 μL of amphetamine internal standard to a 10 mL glass 

conical tube.   
   9.    Quantitatively transfer 1 mL of the organic layer from tube 1 

and 1 mL of the organic layer from the corresponding tube 2 
into the 10 mL glass conical tube containing amphetamine 
internal standard.   

   10.    Evaporate the solvent in the 10 mL glass conical tube to dry-
ness under a gentle stream of nitrogen.   

   11.    Add 100 μL of ethyl acetate, followed by 100 μL of trifl uoro-
acetic anhydride, the derivatizing reagent. Cap each tube and 
mix thoroughly.   

   12.    Incubate for 15 min at 65 °C.   
   13.    Evaporate the solvent and derivatization reagent at room tem-

perature under a gentle stream of nitrogen ( see   Note 7 ).   
   14.    Add 0.25 mL of ethyl acetate to each tube, mix thoroughly, and 

then transfer each sample to an auto sampler vial. Cap each vial.      

       1.    Perform full-scan acquisition over  m / z  range 50–550 for all 
samples including the negative and positive controls using an 
Ultra 1 100 % dimethylpolysiloxane column. Inject 1 μL of 
each sample in splitless mode with a splitless time of 18 s and an 
initial gas chromatography oven temperature of 110 °C. After 
1 min the oven temperature is ramped to 300 °C during the 
next 7.6 min and then held at 300 °C for 3.4 min ( see   Note 8 ).      

       1.    Process data for the calibrator fi rst using the quantitative 
analysis system of the Agilent Chemstation software package 
( see   Note 9 ). Ensure that all target compounds in the cali-
brator are correctly identifi ed and have been assigned to a 
calibration level.   

   2.    Process data for controls and all samples ( see   Note 10 ).   
   3.    Check for consistency of internal standard retention times 

between calibrator, positive control urine, negative control 
urine, and samples. The retention time of phenazine should be 
within the range 5.25 ± 2 % minutes and the counts should be 
greater than 10,000. The retention time of d5-amphetamine 
should be within the range 2.93 ± 2 % minutes with  m / z  ions 

3.5  GC-MS Analysis

3.6  GC-MS Data 
Analysis
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144, 123, and 92 all present. Retention times for target 
 compounds present in calibrators and positive control urines 
should be within ±0.25 min of the retention times shown in 
Tables  4  and  5  ( see   Note 11 ).

        4.    The negative control urine must not contain any of the target 
compounds. Any target compounds identifi ed by the quant 
software should be checked to verify that they are not the com-
pound of interest.   

   5.    The relative peak areas of cathine and ephedrine in the stimu-
lant calibrator should be greater than one and three times that 
of phenazine, respectively. The sample report should indicate 
that the concentrations of cathine, ephedrine, pseudoephed-
rine, and caffeine are 2.5, 5, 5, and 3 μg/mL, respectively.       

4    Notes 

     1.    In addition to fentanyl, fentanyl derivatives are also prohibited 
(Fig.  1 ).

       2.    This procedure can also be carried out using a 96-well plate 
format with 0.1 mL sample aliquots by preparing a more 

     Table 4  
  Retention times and ions for internal standards and narcotics by GC-MS   

 Name  Retention time (min)   m / z  ion 1   m / z  ion 2   m / z  ion 3 

 Internal standards 

 Phenazine  5.25  180 

 d5-Amphetamine  2.93  144  123 

 Narcotics 

 Dextromoramide a   10.30  100  128  265 

 Norhydrocodone a   8.62  241  381 

 Methadone a   7.17  72  73  91 

 Methadone metabolite (2-ethylidene-1,
5-dimethyl-3,3-diphenylpyrrolidine) a  

 6.76  277  276  262 

 Normethadone a   6.99  58  224  165 

 Pentazocine  6.93  313  298 

 Tapentadol  4.13  58  317 

  N -desmethyltapentadol  5.28  141  203  330 

 Tramadol  4.92  188  159  173 

   a These compounds do not undergo derivatization  

Brian D. Ahrens et al.



257

     Table 5  
  Retention times and ions for internal standards and stimulants by GC-MS   

 Name  Retention time (min)   m / z  ion 1   m / z  ion 2   m / z  ion 3 

 Internal standards 

 Phenazine  5.25  180 

 d5-Amphetamine  2.93  144  123 

 Stimulants 

 2-Methylamphetamine  3.49  140  132  105 

 4-Methylamphetamine  3.45  132  105  140 

 Amfepramon a   4.10  100  77  72 

 Amiphenazole  6.31  121  383 

 Amphetamine  2.93  140  118  91 

 Amphetaminil a   5.47  132  105  133 

 Benfl uorex  7.58  105  159  288 

 Benzphetamine a   5.90   91  148 

 Benzylpiperazine  5.14   91  272  181 

 β-Methylphenylethylamine  3.07  105  118 

 Bromantane metabolite  8.10  247  267 

 Caffeine a   5.64  194  109 

 Carphedon artifact a   5.90  104  200 

 Cathine  3.15  140  230  203 

 Chlorphentermine  4.12  154  166 

 Clobenzorex  6.80  125  127  264 

 4-Hydroxyclobenzorex  7.03  125  127  264 

 Clortermine  3.99  154  166 

 Ephedrine  3.56  154  110  244 

 Ethamivan  5.40  247  318 

 Ethylamphetamine  3.85  168  140  118 

 Etilefrine  5.22  154  126 

 Famprofazone  10.32  286  229  91 

 Fencamfamine  5.97  170  142 

 Fenetylline  9.65  346  166 

 Fenfl uramine  3.74  168  159 

(continued)
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Table 5
(continued)

 Name  Retention time (min)   m / z  ion 1   m / z  ion 2   m / z  ion 3 

 Fenproporex  5.10  193  118 

 Furfenorex a   5.05   81  138 

 Meclofenoxate a   3.90  141  200  111 

 Mefenorex  5.30  216  218  140 

 Mephedrone  4.42  119   91  154 

 Mephentermine  3.86  168  110 

 Mesocarb (sydnonimine)  7.56   91  119 

 Methamphetamine  3.54  154  110  118 

  p -Hydroxymethamphetamine  4.40  154  110  230 

 Methylenedioxyamphetamine  4.70  135  162 

 Methylenedioxyethylamphetamine  5.59  168  162  140 

 Methylenedioxymethamphetamine  5.30  154  162  135 

 Methylephedrine a   3.70   72   56 

 Methylone  5.63  149  154  303 

 Modafi nil/Adrafi nil  8.53  167  165  152 

 Modafi nil/Adrafi nil product a   5.05  167  165  152 

  N ,α-Diethylphenylethylamine  4.26  182   91  154 

  N ,β-Diethylphenylethylamine  4.12   91  154 

 Nikethamide a   4.25  106  78  177 

 Desethylnikethamide  3.29  106  78  107 

 Norfenfl uramine  3.14  140  186  159 

 Oxilofrine  4.16  154  110  356 

 Phendimetrazine a   4.04   57  85 

 Phenmetrazine  4.60   70  105 

 Phentermine  3.05  154  132 

 Phenylephrine  4.00  140  217 

  p -Hydroxyamphetamine  3.95  140  230 

 Pipradol  7.08  345  248 

 Prenylamine  9.03  193  334  154 

 Prenylamine metabolite 
(3,3-Diphenylpropylamine) 

 6.34  167  152  307 

(continued)
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concentrated internal standard solution for LC-MS/MS 
with d5-fentanyl and d3-morphine-3β- D -glucuronide at 
4 μg/mL and 0.8 mg/mL in methanol, respectively. The 
LC-MS/MS reagent mixture is then prepared using 15 μL of 
this internal standard solution, 11.4 mL of ammonium bicar-
bonate buffer, and 0.6 mL of enzyme. Each well then receives 
44 μL of this reagent mixture.   

Table 5
(continued)

 Name  Retention time (min)   m / z  ion 1   m / z  ion 2   m / z  ion 3 

 Prolintane a   4.82  126  127 

 Propylhexedrine  3.50  154  110  182 

 Pseudoephedrine  3.87  154  110  155 

 Selegiline a   3.70   96   56   91 

 Norselegiline  4.10  178  118   91 

 Sibutramine a   5.85  114   72 

  N -desmethylsibutramine  6.46  196  154  140 

  N , N -didesmethylsibutramine  5.88  165  137 

 Synephrine  4.21  140  328 

 Trimetazidine  7.26  181  166 

   a These compounds do not undergo derivatization  

  Fig. 1    In addition to fentanyl, all derivatives of fentanyl including alfentanil, remifentanil, and sufentanil are 
prohibited       
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   3.    The LC-MS/MS reagent mixture is prepared daily. The recipe 
provided prepares enough reagent for fi ve to ten unknown 
urine samples. The recipe can be scaled up or down depending 
upon the number of samples analyzed.   

   4.    The minimum chromatographic peak heights and peak height 
ratios have been established specifi cally for the AB Sciex API 
4000 QTRAP LC-MS/MS system using static interface set-
tings for curtain gas, collision gas, electrospray voltage, sprayer 
temperature, needle gas, heater gas, and entrance and declus-
tering potentials, and compound-specifi c settings for collision 
energy and exit potential. LC-MS/MS instrument parameters 
and interface optimization will dramatically alter both the rela-
tive and absolute responses for the diagnostic ions being moni-
tored by this method. If different instrumentation is used to 
detect these compounds validation studies will need to be per-
formed to establish criteria for minimum chromatographic 
peak heights and peak ratios.   

   5.    An example showing selected ion chromatographs for ritalinic 
acid in the positive control, negative control, and a positive 
athlete’s sample are shown in Fig.  2 .

       6.    Only the organic layer should be transferred. If there is an 
emulsion layer that cannot be eliminated by further addition of 
0.5 g salt followed by centrifugation, do not transfer the emul-
sion since it will drastically increase the drying time.   

   7.    The evaporation time must be closely monitored so that volatile 
target compounds are not lost after removal of the solvent.   

   8.    A solvent delay time of 1.2 min should be used to increase the 
lifetime of the fi lament and electron multiplier.   

   9.    Data analysis for this procedure is usually performed using 
Quant within Agilent Chemstation G1701EA Revision 
E.02.00 using the RTEINT integrator and extracting signals 
for target and qualifi er  m / z  ions over a 0.5 min time range 
centered on the expected retention times listed in Tables  4  
and  5 . Background subtraction is performed using the “low 
fi rst and last” setting with identifi cation requiring all qualifi ers 
to be met and the best retention time match used to select 
between multiple hits.   

   10.    Depending on the compound being detected by the GC-MS 
testing method the unaltered parent compound, a metabolite(s), 
or both can be detected in the urine. Following the administra-
tion of clobenzorex, parent compound is not detected, whereas 
the main metabolite amphetamine and to a lesser degree the 
characteristic metabolite 4- hydroxyclobenzorex are detected, 
as shown in Fig.  3 .

       11.    Compounds marked with an asterisk in Tables  4  and  5  are 
monitored as the underivatized compound due to the lack of 
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  Fig. 2    Selected ion chromatographs for ritalinic acid in a positive control urine ( left ), negative control urine 
( middle ) and an athlete’s positive urine sample ( right ). The  top panels  are the MRM  m / z  342 →  m / z  188 for the 
internal standard d5-fentanyl. Ritalinic acid MRM  m / z  220 →  m / z  84, MRM  m / z  220 →  m / z  91 and MRM  m / z  
220 →  m / z  173 are shown in the  bottom three panels . The retention time of ritalinic acid is 4.19 min in the 
positive control       

a functional group that can undergo acylation. Derivatized 
compounds often yield spectra with larger  m / z  fragments that 
are in high abundance. This is illustrated in the spectra of 
amphetamine following derivatization with trifl uoroacetic 
anhydride (Fig.  4 ).
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  Fig. 3    Only trace amounts of unchanged drug is present in urine after 
administration of the stimulant clobenzorex (A). The major metabolites are 
4- hydroxyclobenzorex (B) and amphetamine (C)       

  Fig. 4    Mass spectra of amphetamine before ( top panel ) and after derivatization with trifl uoroacetic anhydride 
to produce  N -trifl uoroacetylamphetamine ( bottom panel )       
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    Chapter 27   

 Quantifi cation of Tricyclic Antidepressants in Serum Using 
Liquid Chromatography Electrospray Tandem Mass 
Spectrometry (HPLC-ESI-MS/MS)       

     Christopher     A.     Crutchfi eld    ,     Autumn     R.     Breaud    , and     William     A.     Clarke      

  Abstract 

   Tricyclic antidepressants (TCA) are used to treat major depressive disorder and other psychological condi-
tions. The effi cacy of these drugs is tied to a narrow therapeutic window. Inappropriately high drug con-
centrations can result in serious side effects such as hypotension, tachycardia, or coma. As a result, 
concentrations of tricyclic antidepressants are routinely monitored to ensure compliance and to prevent 
adverse side effects by dose adjustments. We describe a method for the determination of concentrations of 
amitriptyline, desipramine, imipramine, and nortriptyline in human serum using high-performance liquid 
chromatography coupled to a tandem mass spectrometer with electrospray ionization (HPLC-ESI-MS/
MS). The method is rapid, requiring only 3.5 min per analysis. The method requires 100 μL of serum. 
Concentrations of each TCA were quantifi ed by a calibration curve relating the peak area ratio of each 
TCA analyte to a deuterated internal standard (amitriptyline-D3, desipramine-D3, imipramine-D3, and 
nortriptyline-D3). The method was linear from ~70 ng/mL to ~1000 ng/mL for all TCAs, with impreci-
sion ≤ 12 %.  

  Key words     Tricyclic antidepressants  ,   Depression  ,   Tandem mass spectrometer  ,   Amitriptyline  , 
  Desipramine  ,   Imipramine  ,   Nortriptyline  

1      Introduction 

 Tricyclic antidepressants (TCA) are a  class   of drugs used to treat 
major depressive  disorder   and other psychiatric conditions. 
Typically other pharmacological agents are used prior to TCA due 
to the increased risk of side effects of TCA use, including hypoten-
sion, tachycardia, coma, respiratory depression, and in cases of 
overdose, death. However, if drug levels are too low, the patient 
may not receive the pharmacological benefi t. As a result, TCA are 
a good candidate for  therapeutic drug monitoring  . Immunoassay- 
based measurement of tricyclic antidepressants exists, but is sus-
ceptible to interference [ 1 – 3 ]. This method [ 4 ] is much more 
rapid than previous LC-MS/MS-based methods for TCA 
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 quantifi cation, requiring only 3.5 min per analysis compared to 
24 min [ 5 ] and 20 min [ 6 ]. This method enables rapid and reliable 
TCA quantifi cation in serum.  

2    Materials 

   Serum separator tubes are unacceptable. Samples are stable for 2 
weeks at 4 °C.  

       1.    Mobile Phase A, 0.1 % (v/v) formic acid in HPLC-grade water, 
stable for 1 month at room temperature, 18–24 °C.   

   2.    Mobile Phase B, 0.1 % (v/v) formic acid in HPLC-grade ace-
tonitrile, stable for 1 month at room temperature, 18–24 °C.   

   3.    Human drug-free pooled normal serum.      

       1.    Primary standards: (1 mg/mL amitriptyline, desipramine, 
imipramine, and nortriptyline) (Cerilliant).   

   2.    Primary internal standards: (100 μg/mL amitriptyline-D 3 , 
desipramine-D 3 , imipramine-D 3 , and nortriptyline-D 3 ) 
(Cerilliant).   

   3.    Primary Standard Working Solutions: amitriptyline, desipra-
mine, imipramine, and nortriptyline are pooled into working 
solutions at levels of 10 μg/mL, 4 μg/mL, and 400 ng/mL in 
methanol.   

   4.    I.S. Working Solution/Extraction Solution (48 ng/mL ami-
triptyline, desipramine, imipramine, and nortriptyline in meth-
anol): Add 240 μL of 100 μg/mL from each amitriptyline-D 3 , 
desipramine-D 3 , imipramine-D 3 , and nortriptyline-D 3  stock 
solution to a class A 500 mL volumetric fl ask, fi ll to level with 
methanol, and mix. Stable for 3 months at 4 °C.      

       1.    Calibrators: Prepare calibrators 1–6 ( Note 1 ) by diluting 
working stock solutions with drug-free normal human serum 
in 10 mL class A volumetric fl asks (Table  1 ).

       2.    Controls: Bio-Rad Lyphocheck Benzo/TCA Control Set A 
Control Level 1 and Bio-Rad Lyphocheck Benzo/TCA 
Control Set A Control Level 1 (Bio-Rad).      

       1.    Finnegan Surveyor MS Pump Plus with a Finnegan Surveyor 
Autosampler Plus coupled to a TSQ Quantum Access tandem 
mass spectrometer (Thermo Fisher Scientifi c).   

   2.    Analytical column: Thermo Scientifi c Hypersil Gold C-18, 
2.1 × 50 mm, particle size 3 μm (Thermo Fisher Scientifi c).   

   3.    1.8 mL glass HPLC vials.   
   4.    1.5 mL polypropylene microcentrifuge tubes.       

2.1  Sample 
(Human Serum)

2.2  Solvents 
and Reagents

2.3  Internal 
Standards 
and Standards

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies
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3    Methods 

       1.    To a labeled 1.5 mL polypropylene centrifuge tube, pipette 
100 μL of serum (calibrator, control, or unknown sample).   

   2.    Add 500 μL of extraction solution.   
   3.    Cap and vortex for 20 s.   
   4.    Centrifuge for 5 min at 18,000 ×  g.    
   5.    Dilute 450 μL supernatant 1:1 with HPLC-grade water in a 

labeled 1.8 mL glass vial.   
   6.    Cap and vortex briefl y.   
   7.    Please vials into autosampler.   
   8.    Inject 10 μL and analyze.      

       1.    Instrumental operating parameters are given in Table  2 .
       2.    Data are analyzed using LCQuan (Thermo Scientifi c).   
   3.    Standard curves are generated based on linear regression with 

1/ x  2  weighting of the analyte/internal standard peak-area 
ratio relative to the nominal analyte concentration. Correlation 
coeffi cients are typically r 2  > 0.995.   

   4.    Acceptability criteria are based on modifi ed Westgard rules.
   (a)    Value exceeds 3 sd of established mean.   
  (b)    2 values in a row exceed 2 sd.   
  (c)    6 or more values in a row trend positive or negative bias.       

   5.    Imprecision is typically ≤ 12 % at all QC levels.   
   6.    Representative chromatograms and mass transitions of TCAs 

are shown in Fig.  1 . ( Note 2 ).

3.1  Stepwise 
Procedure

3.2  Sample Analysis

   Table 1  
  Preparation of calibrators   

 Calibrator 
 Working stock 
concentration (ng/mL) 

 Working stock 
volume (μL) 

 Final volume 
(mL) 

 Final concentration 
(ng/mL) 

 1  400  375  10  15 

 2  400  1000  10  40 

 3  4000  250  10  100 

 4  4000  625  10  250 

 5  10,000  500  10  500 

 6  10,000  1000  10  1000 
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   Table 2  
  HPLC-MS/MS operation conditions   

  HPLC  

 Tim e (min)  Flow rate (μL/min)  Mobile phase A (%) 

 0  600  80 

 0.5  600  80 

 0.55  400  80 

 1  400  50 

 2  400   0 

 2.5  400   0 

 2.55  400  80 

 2.6  600  80 

 3.5  600  80 

  MS / MS Tune Settings  

 Parameter  Value 

 Spray voltage (V)  4900 

 Sheath gas  30 

 Aux gas  10 

 Capillary temperature (°C)  270 

  Precursor and product ions for tricyclic antidepressants  

 Compound  Precursor 
 Primary 
Product 

 Primary CE 
(eV) 

 Secondary 
Product 

 Secondary 
CE (eV) 

 Amitriptyline  278.2  233.1  18  202.1  55 

 Desipramine  267.1  72.3  14  193.1  36 

 Imipramine  281  86.2  15  193.1  42 

 Nortriptyline  264.2  202.1  58  233.1  15 

 Amitriptyline-D3  281.2  233.1  16  78 

 Desipramine-D3  270.2  75.3  16  73 

 Imipramine-D3  284.2  89.3  16  60 

 Nortriptyline-D3  267.2  233.1  14  80 

Christopher A. Crutchfi eld et al.



269

4            Notes 

     1.    Individual sets of calibrators 1–6 may be pre-aliquoted and fro-
zen until use. These materials are stable for 1 year when stored 
unopened at −80 °C.   

   2.    Matrix effects were evaluated using post-column infusion as 
well as comparison of spiked sera and spiked solvent. Matrix 
effects were <12 % for all analytes.   

   3.    Retention time will be system-specifi c, but using this method all 
analytes co-eluted at ~2.6 min. Desipramine and imipramine 
share a secondary product. They do exhibit transition cross-talk.         
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