
Clinical 
Applications of 
Mass Spectrometry 
in Biomolecular 
Analysis

Uttam Garg Editor

Methods and Protocols

Methods in 
Molecular Biology   1378



For further volumes: 
 http://www.springer.com/series/7651    

   M E T H O D S  I N  M O L E C U L A R  B I O L O G Y          

     Series Editor 
   John       M.  Walker

School of Life and Medical Sciences   
 University of Hertfordshire 

 Hatfield, Hertfordshire, AL10 9AB  ,  UK



     



    Clinical Applications 
of Mass Spectrometry 

in Biomolecular Analysis 

 Methods and Protocols 

 Edited by 

    Uttam   Garg                            

Department of Pathology and Laboratory Medicine, Children’s Mercy Hospitals and Clinics, 
Kansas City, MO, USA



       ISSN 1064-3745       ISSN 1940-6029 (electronic) 
   Methods in Molecular Biology  
 ISBN 978-1-4939-3181-1      ISBN 978-1-4939-3182-8 (eBook) 
 DOI 10.1007/978-1-4939-3182-8 

 Library of Congress Control Number: 2015957377 

 Springer New York Heidelberg Dordrecht London 
 © Springer Science+Business Media New York   2016 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on microfi lms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a specifi c statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use. 
 The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed 
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty, 
express or implied, with respect to the material contained herein or for any errors or omissions that may have been 
made. 

 Printed on acid-free paper 

   Humana Press is a brand of Springer  
 Springer Science+Business Media LLC New York is part of Springer Science+Business Media (www.springer.com) 

 Editor 
   Uttam   Garg    
  Department of Pathology and Laboratory 

Medicine ,  Children's Mercy 
Hospitals and Clinics 

  Kansas City ,  MO ,  USA   



  Dedication 

 This book is dedicated to my wife Jyotsna and daughters Megha and Mohini who are my 
inspiration to keep moving forward in life. 



     



vii

 Clinical laboratory applications of mass spectrometry are growing rapidly. This has been 
made possible with the advent of benchtop compact, relatively inexpensive, and user- 
friendly systems. This versatile technology offers a number of advantages including increased 
sensitivity and specifi city, multiple component analysis, and no need of specialized reagents. 
In fact the technique is a must for the measurement of many clinically relevant analytes in 
the fi elds of drug analysis, endocrinology, and inborn errors of metabolism. This volume 
 Clinical Applications of Mass Spectrometry in Biomolecular Analysis  provides stepwise 
instructions for the analysis of a number of analytes of clinical importance. Each chapter 
provides a brief introduction about the analyte followed by stepwise instructions on the 
analytical protocol. 

 I am grateful to my colleagues who contributed to the contents of this book. I am 
hopeful that the readers will fi nd this book useful.  

  Kansas City, MO     Uttam     Garg     

  Pref ace    
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Uttam Garg (ed.), Clinical Applications of Mass Spectrometry in Biomolecular Analysis: Methods and Protocols, Methods 
in Molecular Biology, vol. 1378, DOI 10.1007/978-1-4939-3182-8_1, © Springer Science+Business Media New York 2016

    Chapter 1   

 Mass Spectrometry in Clinical Laboratory: 
Applications in Biomolecular Analysis       

      Uttam     Garg       and     Yan     Victoria     Zhang      

  Abstract 

   Mass spectrometry (MS) is a technique that can identify analytes on the basis of mass-to-charge ( m / z ) 
ratio. Although this technique has been used in research and specialized clinical laboratories for decades, 
however, in recent years, MS has been increasingly used in routine clinical laboratories. MS, especially 
when coupled to gas chromatography or liquid chromatography, provides very specifi c and often sensitive 
analysis of many analytes. Other advantages of MS include simultaneous analysis of multiple analytes 
(>100) and generally without need for specialized reagents. Commonly measured analytes by MS include 
drugs, hormones, and proteins.  

  Key words     Clinical laboratory  ,    Mass spectrometry    ,    Liquid chromatography    ,    Gas chromatography    , 
   Tandem mass spectrometry    ,   Endocrinology  ,    Newborn screening    ,   Hormones and  proteins    

1      Introduction 

 Use of  mass spectrometry   in clinical laboratories is growing rapidly. 
Once considered too specialized and costly for routine use, mass 
spectrometry has made its way in many routine clinical laboratories 
[ 1 ,  2 ]. This has been made possible with the advent of bench-top, 
inexpensive, and user-friendly mass spectrometry systems. The 
major advantages of mass spectrometry include increased specifi c-
ity, simultaneous analysis of multiple analytes, and generally no 
need for specialized reagents.  Mass spectrometry   is a preferred 
technology for the measurement of many laboratory analytes par-
ticularly drugs and hormones. Other well established clinical appli-
cations of mass spectrometry are in the fi eld of biochemical genetics 
such as  newborn screening   and inherited metabolic  disorders  . In 
recent years, clinical applications in the areas of  protein   analysis and 
fast pathogen identifi cation have emerged.  



2

2    Fundamentals of  Mass Spectrometry   

 It is beyond the scope of this chapter to include detailed description of 
 mass spectrometry  . Here, a brief description on the fundamentals 
of mass spectrometry is provided.  Mass spectrometry   is an analyti-
cal technique that is based on the principle that charged particles 
moving through an electric or magnetic fi eld can be separated by 
their mass-to-charge ( m / z ) ratios. A typical mass spectrometric 
analysis can be divided into following steps:

 ●    Sample preparation, which can vary from minimal preparation 
to elaborative liquid–liquid or solid phase extraction.  

 ●   Introduction and separation of analyte(s) of interest by chro-
matographic system, if needed.  

 ●   Introduction of sample into mass spectrometer. Although sam-
ple can be introduced directly into a mass spectrometer, it is 
generally achieved through gas or liquid chromatographic (GC 
or LC) systems.  

 ●   Ionization of analyte molecules. Ionization can be achieved 
through various techniques such as electron impact, chemical, 
electrospray, atmospheric-pressure chemical, and matrix- 
assisted laser desorption.  

 ●   Separation of ionized molecules. Separation of ions is achieved 
by mass analyzers. Most commonly used mass analyzer in clini-
cal laboratories is quadrupole. In recent years, ion-trap and 
time-of-fl ight mass analyzers are also being used particularly 
for screening large number of analytes.  

 ●   Detection of ionized molecules.  
 ●   Data analysis.    

 Schematic diagram of a mass  spectrometer   with different 
options is shown in Fig.  1 .

Sample
Introduction/
Separation

Data
AnalysisIonization Mass

Analysis
Detection

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

Quadrupole
Ion Trap

Time of Flight

Sample
Preparation

  Fig. 1    Schematic diagram of a  mass spectrometry   analysis       
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     GC-MS has been used in clinical laboratories for several decades. 
A typical GC-MS uses helium gas, sample injection port, capillary 
column, mass spectrophotometer, vacuum system, detector, and a 
data analysis system. Typical analysis involves analyte extraction 
from a sample, concentration of the extract, sample  derivatization   
if the compound of interest is not volatile or is heat-labile, and 
injection of sample in GC-MS. Once analyte ions are fragmented, 
either selected ions can be analyzed (selected ion monitoring) or 
all fragments can be analyzed (total ion monitoring) to produce a 
mass spectrum. Selected ion monitoring is more sensitive than 
total ion monitoring, and is generally used in quantitative analysis. 
Total ion monitoring is very useful in the identifi cation of unknown 
compounds. It is like a fi ngerprint since a specifi c mass spectrum 
will be produced by the fragmentation of a specifi c analyte. GC-MS 
is suitable for analysis of small molecules that are volatile, non- 
polar, and thermally stable.  

   In recent years LC-MS, particularly  LC-MS/MS  , has gained popu-
larity and has become the method of choice, particularly for the 
analysis of hormones and  proteins  . Wide array of analytes can be 
measured by LC-MS/MS as compared to GC-MS. Analytes that 
are heat labile and diffi cult to derivative are more suited for LC-MS 
analysis. Furthermore, sample preparation is generally less involved 
as compared to GC-MS. Disadvantages of LC-MS/MS are less 
reproducible mass spectra, higher maintenance and cost as com-
pared to GC-MS.  

   In TOF-MS, an ion’s mass-to-charge ratio is determined by calcu-
lating the time required by the ion to travel a fi xed distance into a 
fl ight tube. Under a fi xed electrical fi eld, lighter ions travel faster 
than the heavier ions. The major advantages of TOF-MS analyzers 
are high mass resolution and exact mass measurements. For exam-
ple, at  m / z  of 100 and resolution of 2 ppm, mass error is less than 
 m / z  0.0002. This provides adequate information to assign initial 
molecular formulae to a compound for further identifi cation and 
confi rmation. High-resolution TOF-MS is being used in drug and 
metabolites screening and identifi cation. Matrix-assisted laser 
desorption ionization (MALDI)-TOF is being increasingly used in 
the identifi cation of  proteins   and bacteria.   

3    Clinical Applications 

 MS is increasingly being used in clinical laboratory for the analysis 
of wide array of analytes. Most common applications of MS are in 
the fi elds of therapeutic drug monitoring, toxicology, endocrinology, 
and  inborn error of metabolism  . In recent years, emerging applica-
tions include pathogen identifi cation, proteomics, and genomics. 

2.1  GC-MS

2.2  LC-MS

2.3  Time-of-Flight 
(TOF)-MS

Mass Spectrometry in Clinical Laboratory: Applications in Biomolecular Analysis
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   In clinical laboratory, immunoassays are the commonly used meth-
ods for therapeutic drug monitoring. Immunoassays are also com-
monly used for screening few drugs of abuse. Since immunoassays 
are not available for a number of drugs and they are non-specifi c, 
MS is used for the assay of these drugs and confi rmation of 
immunoassay- positive results for drugs of abuse. Although GC-MS 
is still widely used in therapeutic drug monitoring and toxicology, 
 LC-MS/MS   is being increasingly used due to ease of sample prep-
aration. Using GC-MS or LC-MS/MS, 100–1000s of drugs and 
toxins can be screened in a single analytical run.  

   Although immunoassays remain mainstay for the determination of 
hormones, MS is increasingly used for the assay of hormones [ 3 , 
 4 ]. Immunoassays have inherent degree of non-specifi city and vari-
ability among different assays particularly for steroid hormones 
and catecholamines and their metabolites [ 5 ]. For example, steroid 
hormone immunoassays generally overestimate real concentra-
tions, and there is a signifi cant inter-laboratory variability [ 6 ,  7 ]. 
This makes diffi cult to follow-up a patient over long period of time 
due to assay changes within a laboratory or use of different immu-
noassays among different laboratories. Although both GC-MS and 
 LC-MS/MS   are used for the determination of hormone assay, the 
later is becoming a preferred technique due to ease of sample prep-
aration. Table  1  lists commonly assayed hormones using  mass 
spectrometry  .

       Mass spectrometry   has shown great promise in the screening and 
confirmation of  inborn error of metabolism  . LC-MS/ MS   is widely 
used in  newborn screening   to detect wide array of metabolic disor-
ders including disorders of amino acids, organic acids, and fatty 
acids metabolism [ 8 ,  9 ]. GC-MS has been used for several decades 
and still remains the most commonly used technique for the analy-
sis of  urine organic acids  .  HPLC   coupled with spectrophotometry 
had been the mainstay method for analysis of amino acids. This 
method is very time-consuming and is being replaced by  LC-MS/MS  . 
Other commonly measured analytes for the detection of metabolic 
disorders include acylcarnitines, bile acids, purines, and pyrimidines. 
Tables  2  and  3  list the disorders screened by  tandem mass spec-
trometry   in newborn  screening  , and other metabolic disorders and 
metabolites diagnosed/assayed by  mass spectrometry  .

       Until recently, most of the clinical applications of MS have been in 
the analysis of small molecules. However, in recent years, applica-
tions of MS are expanding in the analysis of large molecules such as 
 proteins  , lipids, polysaccharides, and DNA [ 10 – 12 ]. For example, 
matrix-assisted laser desorption ionization (MALDI)  mass spec-
trometry   is now commonly used for rapid bacterial identifi cation 
[ 13 – 15 ].  Protein   profi ling is showing great promise in the area of 
cancer detection [ 10 ,  11 ,  16 ].   

3.1  Therapeutic Drug 
Monitoring 
and Toxicology

3.2  Endocrinology

3.3   Inborn Error 
of Metabolism  

3.4  Other Emerging 
Applications

Uttam Garg and Yan Victoria Zhang
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4    Introducing Mass Spectrometry in the Clinical Laboratory 

 Before bringing  mass spectrometry   into the laboratory, both 
patient care needs and fi nancial considerations should be assessed. 
In addition, mass spectrometers need specifi c infrastructure to 
accommodate special needs such as consistent electric supply, high 
purity gases, and ventilation. A dedicated electricity supply and an 
uninterrupted power supply (UPS) are needed to protect the 
instrument. Other major challenge is acquiring staff that is already 
trained in mass spectrometry or training staff to implement this 
technology in clinical laboratories. 

 Implementation of  mass spectrometry   depends on specifi c 
needs. Sometimes primary driving force for adoption of mass spec-
trometry is substantial cost savings over other methods such as 
immunoassays. Other times, the driving force is to provide analyti-
cally superior results (e.g., steroid hormone analysis or confi rmation 

   Table 1  
  Hormones assays by  mass spectrometry     

 •  Aldosterone   

 • Androstenedione 

 • Catecholamines 

 • Coenzyme Q 

 •  Cortisol   

 • Corticosterone 

 • Cortisone 

 • Deoxycortisol 

 •  Dehydroepiandrosterone   

 • 1,25-Dihydroxyvitamin  D   

 •  Estrone   

 •  Estradiol   

 • 17- Hydroxyprogesterone   

 • 17-Hydroxypregnenolone 

 •  25-Hydroxyvitamin D   

 •  Insulin   

 • Pancreatic  polypeptide   

 • Parathyroid hormone (PTH) 

 • Metanephrines 

 •  Testosterone   

Mass Spectrometry in Clinical Laboratory: Applications in Biomolecular Analysis
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of immunoassay-positive drugs of abuse results) or develop mass 
spectrometry methods due to lack of other methods. Given many 
choices of instrument availability and need for current and future 
tests selection, implementing mass spectrometry in a clinical labora-
tory could be challenging, and needs careful fi nancial and human 
resources evaluation [ 17 – 24 ]. Major considerations in implement-
ing mass spectrometry are listed in Table  4 .

   While modern mass  spectroscopy   companies provide high- 
quality products, consulting with colleagues and site visits can help 
narrow down the choices of vendors for further investigation. 
Analyzing small set of test samples on different platforms can pro-
vide better insight into the capabilities of different instruments. 
Before fi nal selection, instrument service availability and response 
time should be considered seriously. It is not uncommon that 
method to be implemented in the laboratory is already published. 
Despite this, reproducing method and its validation can be a sub-
stantial investment. 

 Mass spectrometric assays are considered high-complexity assays 
under CLIA, and laboratory-developed tests (LDTs) by FDA. 
Laboratory is responsible for developing and evaluating perfor-
mance characteristics of the assays. A number of CLSI guidelines 

    Table 2  
  Metabolic disorders screened by  tandem mass spectrometry   through 
newborn  screening     

   Organic acidurias    
 • Isovaleric acidemia 
 • Glutaric aciduria 1 and 2 
 • 3-Hydroxy-3-methylglutaric aciduria 
 • Multiple carboxylase defi ciency 
 •  Methylmalonic acid  emia due to mutase defi ciency 
 • 3-Methylcrotonyl CoA carboxylase defi ciency 
 •  Methylmalonic acid  emia due to cobalamin A and B defects 
 • Propionic acidemia 
 • 3-Ketothiolase 

  Fatty acids oxidation defects  
 • Medium chain acyl-CoA dehydrogenase 
 • Very long chain acyl-CoA dehydrogenase 
 • Long chain 3-hydroxy-acyl-CoA dehydrogenase 
 • Trifunctional  protein   defi ciency 
 • Carnitine uptake defect 
 • Short chain acyl-CoA dehydrogenase 

  Amino acids/urea cycle  
 •  Phenylketonuria   
 • Maple syrup urine disease 
 • Homocystinuria 
 • Citrullinemia 
 • Argininosuccinic aciduria 
 • Tyrosinemia 

Uttam Garg and Yan Victoria Zhang
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are available as a reference for  mass spectrometry   [ 25 ], and for 
evaluation of other components of method development such as 
limit of detection (LoD), limit of quantitation (LoQ), accuracy, 
precision, analytical measurement range, and reference intervals. 
Sample preparation and use of isotope-labeled compounds as inter-
nal standards are unique features to mass spectrometry assays. 
Isotope-labeled compounds behave very similar to the analytes and 
thus reduce the variability in sample extraction and analysis. 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 preferred to eliminate cross-talk. Once the mass spectrometry 
is introduced, instruments, methods, and users need ongoing 
support and upgrades.  

5    Conclusion 

 In conclusion, in recent years,  mass spectrometry   has emerged as an 
important tool in the clinical laboratory. Its current major applica-
tions are in therapeutic drug monitoring, metabolic screening, and 
endocrinology. Its applications are increasing in the areas of  protein   
profi ling, microorganism identifi cation, and biomarkers discovery.     

   Table 3  
  Other metabolic disorders/metabolites commonly diagnosed/assayed by 
 mass spectrometry     

 • Confi rmation of disorders in Table  2  

 • Many other disorders of organic, amino, and fatty acids not listed 
above under screening 

 • Acylcarnitines 

 •  S-adenosylhomocysteine   

 • S- adenosylmethionine   

 • G-Aminobutyric acid 

 • Bile acids synthesis 

 • Cholesterol synthesis 

 • Disorders of glycosylation 

 • Glycosphingolipids 

 • Neurotransmitters synthesis 

 • Lysosomal disorders 

 • Pterins 

 •  Purine   and  pyrimidine   disorders 

 •  Succinylacetone   

Mass Spectrometry in Clinical Laboratory: Applications in Biomolecular Analysis
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   Table 4  
  Major steps in implementing  mass spectrometry   in a clinical laboratory   

  Clinical needs  
 • Primary consideration 
 • Reduce turn-around time 
 • Control over sample handling process 

  Instrument selection  
 • Based on intended analyses and economics 
 • Site visit and communication with colleagues and vendor 
 • 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 

  Financial justifi cation  
 • 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 and 
 • Other investment considerations should include 

 – Service contract 
 – Infrastructure renovation 
 – Cost for interfacing to the LIS if desirable 
 – Ongoing operating cost (e.g., high-grade reagents, gas) 

  Infrastructure planning  
 • Space for Instrumentation and  HPLC   
 • Nitrogen gas dewars or nitrogen generator 
 • Ventilation and noise blocking 
 • Lab space re-arrangements (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 (LoQ) 
 – Reportable range 
 – Specifi city and interference 

Uttam Garg and Yan Victoria Zhang
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    Chapter 2   

 Quantifi cation of Free Carnitine and Acylcarnitines 
in Plasma or Serum Using HPLC/MS/MS       

     David     Scott    ,     Bryce     Heese    , and     Uttam     Garg       

  Abstract 

   Acylcarnitines are formed by esterifi cation between fatty acids CoA or organic acids CoA molecules and 
carnitine. In various fatty acids oxidation defects and organic acidurias, there is increased concentration of 
corresponding acylcarnitines. Abnormalities in specifi c acylcarnitines are used in the diagnosis of fatty acids 
oxidation defects and organic acidurias. Most commonly used method for the assay of acylcarnitines is 
HPLC-tandem mass spectrometry (HPLC/MS/MS). A HPLC/MS/MS method is described for the 
quantifi cation of number of acylcarnitines. The method involves butylation of carnitine/acylcarnitines 
using acidifi ed butanol, HPLC fl ow injection, and measurement of acylcarnitines using precursor ion scan 
and multiple reactions monitoring (MRM).  

  Key words      Fatty acid oxidation defects    ,    Organic acidemia    ,    Organic acidurias    ,    HPLC    ,    Mass spectrometry    , 
   Medium chain acyl-CoA dehydrogenase defi ciency    ,    Inborn error of metabolism    ,    Inherited metabolic 
disorders    

1      Introduction 

 Inborn metabolic disorders, although individually rare, are collec-
tively quite common. It is estimated that inborn metabolic disorders 
have frequency of 1:500. A number of  organic acidurias   and most 
fatty acids oxidation  defects   can be diagnosed through the analysis 
of  plasma   acylcarnitine profi le [ 1 – 5 ].  Organic acidurias   are a diverse 
group of disorders commonly characterized by episodes of acido-
sis, vomiting, lethargy, coma, seizures, hypotonia, hypertonia, and 
developmental delay [ 6 ]. There are more than 12 fatty acids oxida-
tion defects. Common clinical features of fatty acids oxidation 
defects include  hypoglycemia  , liver disease, cardiomyopathy, and 
sudden unexpected death [ 2 ]. 

 HPLC-tandem mass spectrometry (HPLC/MS/MS) is the 
method of choice for the measurement of carnitine and acylcarni-
tines, although other methods such as  gas chromatography  –mass 
spectrometry and high-performance  liquid chromatography   have 
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been described [ 1 ,  4 ,  7 ,  8 ]. HPLC/MS/MS method described 
here for the quantifi cation of a number of acylcarnitines involves 
 butylation   of acylcarnitines using acidifi ed butanol, HPLC fl ow injec-
tion, and measurement of acylcarnitines by precursor ion scan and 
multiple reactions monitoring (MRM). Deuterated internal stan-
dards are used for quantifi cation of carnitine and acylcarnitines.  

2    Materials 

   Collect 0.5 mL blood in red top (plain) or green top (heparin) 
tube. Centrifuge blood at 1200 ×  g  for 7 min. Separate serum or 
 plasma   and refrigerate at 4 °C. Samples are stable for 2 months 
when refrigerated.  

       1.    Formic Acid, 88 % ACS (Fisher).   
   2.    UTAK blank human serum (UTAK Laboratories).   
   3.    3 N HCl in butanol (Regsil).   
   4.    Mobile Phase (80:20 acetonitrile:water with 0.01 % formic acid): 

To a 1 L volumetric fl ask, add 800 mL acetonitrile, 114 μL 
88 % formic acid, and then fi ll to the mark with deionized 
water. Stable for 1 year at room temperature.   

   5.    Sample reconstitution solution (80:20 acetonitrile:water): To a 
100 mL volumetric fl ask, add 80 mL acetonitrile and then fi ll 
to the mark with deionized water. Stable for 1 year at room 
temperature.      

       1.    Internal standard mixture (NSK-B from Cambridge Isotope 
Laboratories): Dissolve in 200 mL of methanol. Concentrations 
of various acylcarnitines are listed in Table  1 .

       2.    Quality controls:

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Internal 
Standards and Quality 
Controls

   Table 1  
  Concentrations of internal standards   

 Compound  Concentration (nmol/mL) 

 D9- L -Carnitine (C0)  0.760 

 D3-Acetycarnitine (C2)  0.190 

 D3-Propionylcanitine (C3)  0.038 

 D3-Butyrylcarnitine (C4)  0.038 

 D9-Isovalerylcarnitine (C5)  0.038 

 D3-Octanoylcarnitine (C8)  0.038 

 D9-Tetradecanoylcarnitine (C14)  0.038 

 D3-Hexadecanoylcarnitine (C16)  0.076 

David Scott et al.
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   (a)    Prepare stock of carnitine/acylcarnitine compounds 
(Cambridge Isotopes) according to Table  2 . Stable for 2 
years at −20 °C.

      (b)    Use stock carnitine/acylcarnitine compounds to prepare 
primary combo carnitine/acylcarnitine solution (Table  3 ). 
Stable for 2 years at −20 °C.

      (c)    Use primary combo carnitine/acylcarnitine solution to 
prepare working controls as shown in Table  4 . Stable for 
1 year at −20 °C.

   Table 2  
  Preparation of stock carnitine/acylcarnitine solutions   

 Compound  M.W. 
 Amount in 
vial (μg) 

 Reconstitute vial 
with this amount 
of methanol (mL) 

 Resulting 
concentration 
(nmol/mL) 

 C0  198  5000  2.52  10,000 

 C2  240  5000  2.1  10,000 

 C3  254  5000  1.97  10,000 

 C4  268  5000  1.86  10,000 

 C5  282  5000  1.77  10,000 

 C8  324  5000  1.54  10,000 

 C14  408  5000  1.22  10,000 

 C16  436  5000  1.15  10,000 

   Table 3  
  Preparation of primary combo carnitine/acylcarnitine solution   

 Compound  Stock solution (μL)  Resulting concentration (nmol/mL) 

 C0  800  4000 

 C2  400  2000 

 C3  20  100 

 C4  10  50 

 C5  10  50 

 C8  10  50 

 C14  10  50 

 C16  10  50 

  QS this combo carnitine/acylcarnitine solution to 2 mL using methanol (730 μL)  

Carnitine and Acylcarnitines Assay by Mass Spectrometry
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                  1.    MS/MS 4000Q TRAP (AB Sciex).   
   2.    Prominence  HPLC   (Shimadzu).   
   3.    Dry block at 60 °C.   
   4.    Sample evaporator, Turbovap (Zymark).   
   5.    Fume Hood.       

3    Methods 

       1.    To a 1.5 mL microcentrifuge tube, add 20 μL sample or control.   
   2.    Add 400 μL of working internal standard.   
   3.    Close cap, vortex, and allow to stand for 5 min.   
   4.    Centrifuge for 5 min at 12,000 ×  g  for 10 min.   
   5.    Transfer 300 μL of supernatant into a 13 × 100 mm tube.   
   6.    Evaporate to dryness under a stream of nitrogen at 40 °C 

( see   Note 1 ).   
   7.    To the resulting residue, add 100 μL of 3 N HCl in butanol.   
   8.    Cap tubes and incubate in dry block for 20 min at 60 °C.   
   9.    Evaporate to dryness under a stream of nitrogen at 40 °C 

( see   Notes 2  and  3 ).   
   10.    Reconstitute with 900 μL of 80 % acetonitrile/water.   
   11.    Transfer sample to autosampler vial.   
   12.    Inject 50 μL onto  HPLC  /MS/MS.      

   See Tables  5 ,  6 ,  7 ,  8 , and  9  for  HPLC   and mass- spectrometer   
conditions.

              1.    Chemoview software (AB Sciex) is used for data analysis 
( see   Notes 4  and  5 ).   

   2.    Quantifi cation of the various acylcarnitine species is based on 
the ratio of the analyte’s response (intensity) to the response 

2.4  Analytical 
Equipment 
and Supplies

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

3.3  Data Analysis

   Table 4  
  Preparation of working quality controls   

 QC1  QC2  QC3  QC4 

 UTAK serum (μL)  200  995  980  950 

 Primary combo (μL)   0   5   20   50 

 0.9 % Saline (μL)  800   0   0   0 

 Resulting 
concentrations 

 Below normal 
limit 

 Approximately the 
upper limit of 
normal values 

 Approximately 
4× upper limit 
of normal 

 Approximately >9× 
upper limit of normal 

David Scott et al.
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   Table 5  
   HPLC   operating conditions   

 Time 
 (min) a   Flow rate (mL/min) 

 0.15  0.30 

 0.16  0.03 

 3.50  0.03 

 3.51  1.00 

 4.00  1.00 

 4.01  0.03 

 5.00  0.30 

 6.00  Stop 

   a Will vary for different instruments depending on factors such 
as length/diameter of tubing and dead volume  

   Table 6  
   MS   source parameters for both precursor ion scan and MRM   

 CUR  25 

 CAD  Medium 

 TEM  400 

 GS1  45 

 GS2  45 

 Ihe  ON 

 IS  4000 

 EP  10 

 CXP  3 

    Table 7  
   MS   setting for MRM transitions   

 Compound 
 MRM 
transition  DP  CE 

 Internal 
standard 

 MRM 
transition  DP  CE 

 C0, Free carnitine  218.2 → 159  60  20  D9 C0  227.2 → 159  60  20 

 C2, Acetylcarnitine  260.2 → 141  51  21  D3 C2  263.2 → 141  58  21 

 C3, Propionylcarnitine  274.2 → 141  61  23  D3 C3  277.2 → 141  60  23 

 C4, Isobutyryl/butyrylcarnitine  288.2 → 141  60  24  D3 C4  291.2 → 141  60  24 

  Dwell time for all the compounds was 50 ms  

Carnitine and Acylcarnitines Assay by Mass Spectrometry
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    Table 8  
  Transitions for acylcarnitines and internal standards   

 Compound  Precursor ion  Internal standard  Precursor ion 

 C5:1, Tiglylcarnitine  300.2 → 85.1  D9 C5  311.3 → 85.1 

 C5, Isovaleryl/2-methylbutyryl/Pivaloyl  302.2 → 85.1  D9 C5  311.3 → 85.1 

 C4-OH, 3-OH-butyrylcarnitine  304.2 → 85.1  D9 C5  311.3 → 85.1 

 C6, Hexanoylcarnitine  316.3 → 85.1  D9 C5  311.3 → 85.1 

 C5-OH, 3-OH-isovaleryl/2-methyl-3-OH-butyryl  318.2 → 85.1  D9 C5  311.3 → 85.1 

 C6-OH, 3-OH-hexanoylcarnitine  332.3 → 85.1  D3 C8  347.3 → 85.1 

 C8:1, Octenoylcarnitine  342.3 → 85.1  D3 C8  347.3 → 85.1 

 C:8, Octanoylcarnitine  344.3 → 85.1  D3 C8  347.3 → 85.1 

 C3-DC, Malonylcarnitine  360.3 → 85.1  D3 C8  347.3 → 85.1 

 C10:1, Decenoylcarnitine  370.3 → 85.1  D3 C8  347.3 → 85.1 

 C10, Decanoylcarnitine  372.3 → 85.1  D3 C8  347.3 → 85.1 

 C4-DC, Methylmalonylcarnitine  374.3 → 85.1  D3 C8  347.3 → 85.1 

 C5-DC, Glutarylcarnitine  388.3 → 85.1  D3 C8  347.3 → 85.1 

 C12:1, Dodecenoylcarnitine  398.3 → 85.1  D9 C14  437.4 → 85.1 

 C12, Dodecanoylcarnitine  400.3 → 85.1  D9 C14  437.4 → 85.1 

 C6-DC, 3-methyl-glutarylcarnitine  402.3 → 85.1  D9 C14  437.4 → 85.1 

 C12-OH, 3-OH-dodecanoylcarnitine  416.3 → 85.1  D9 C14  437.4 → 85.1 

 C14:2, Tetradecadienoylcarnitine  424.3 → 85.1  D9 C14  437.4 → 85.1 

 C14:1, Tetradecenoylcarnitine  426.4 → 85.1  D9 C14  437.4 → 85.1 

 C14, Tetradecanoylcarnitine  428.4 → 85.1  D9 C14  437.4 → 85.1 

 C14:1-OH, 3-OH-tetradecenoylcarnitine  442.4 → 85.1  D9 C14  437.4 → 85.1 

 C14-OH, 3-OH-tetradecanoylcarnitine  444.4 → 85.1  D9 C14  437.4 → 85.1 

 C16:1, Hexadecenoylcarnitine  454.4 → 85.1  D3 C16  459.4 → 85.1 

 C16, Hexadecanoylcarnitine  456.4 → 85.1  D3 C16  459.4 → 85.1 

 C16:1-OH, 3-OH-hexadecenoylcarnitine  470.4 → 85.1  D3 C16  459.4 → 85.1 

 C16-OH, 3-OH-hexadecanoylcarnitine  472.4 → 85.1  D3 C16  459.4 → 85.1 

 C18:2, Linoleylcarnitine  480.4 → 85.1  D3 C16  459.4 → 85.1 

 C18:1, Oleylcarnitine  482.4 → 85.1  D3 C16  459.4 → 85.1 

 C18, Stearoylcarnitine  484.4 → 85.1  D3 C16  459.4 → 85.1 

 C18:2-OH, 3-OH-linoleylcarnitine  496.4 → 85.1  D3 C16  459.4 → 85.1 

 C18:1-OH, 3-OH-oleylcarnitine  498.4 → 85.1  D3 C16  459.4 → 85.1 

 C18-OH, 3-OH-stearoylcarnitine  500.4 → 85.1  D3 C16  459.4 → 85.1 

David Scott et al.
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(intensity) of an appropriate isotopically labeled internal 
standard using the following calculations:    

  
Unknownconc nM

Intensity Analyte ISconc nM DilutionFactor
( ) =

´ ( )´ 221( )
IntensityIS    

    3.    Intensities used for quantifi cation of C0, C2, C3, and C4 are 
obtained through MRM mode (Table  7 ). Intensities for all 
other acylcarnitine quantifi cations are obtained through 
precursor ion mode (Tables  8  and  9 ).   

   4.    While analyzing data, it is important to evaluate interferences 
( see   Notes 6 – 8 ).   

   5.    Typical total ion chromatogram is shown in Fig.  1 .
       6.    Typical precursor ion spectrum is shown in Fig.  2 .

4            Notes 

     1.    Drying time is ~5 min. May vary with nitrogen fl ow rate and 
type of equipment.   

   2.    Drying time is ~10 min. May vary with nitrogen fl ow rate and 
type of equipment.   

   3.    Make sure that extract is completely dry.   
   4.    External calibration is not used in this assay. Chemoview soft-

ware is used only for quantifi cation. Chromatographic review 

    Table 9  
   MS   setting for precursor ion scans   

 Polarity  Positive 

 Scan mode  Profi le 

 Resolution Q1  Unit 

 Resolution Q3  Unit 

 Setting time  5.0 ms 

 MR pause  5.0 ms 

 MCA  No 

 Step size  0.10 Da 

 Center/width  No 

 Scanning range  210–550 

 Scan time  6 s 

 DP range  45–65 

 CE range  30–55 

Carnitine and Acylcarnitines Assay by Mass Spectrometry
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is performed on the Analyst Software (AB Sciex). Ion suppression 
is also monitored in Analyst Software (AB Sciex) by comparing 
highest intensity of the total ion chromatogram (TIC) to the 
lowest intensity of the TIC. The highest intensity should be at 
least ten times greater than the lowest intensity.   

  Fig. 1    Total ion chromatogram for carnitine/acylcarnitines       

  Fig. 2    Typical precursor ion spectrum from a healthy individual       

 

 

David Scott et al.
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   5.    Carryover is monitored by running the internal standard prep-
aration after the most concentrated control (QC4). This injection 
of the internal standard should have C0 and C2 values of less 
than 1.0 nmol/mL. All other acylcarnitines should be less than 
0.1 nmol/mL.   

   6.    In precursor ion scan, glutamate interferes with C2 quantifi cation 
due to 260 → 85 transition. This interference is avoided by 
using C2 MRM of 260 → 141.   

   7.    Cefotaxime interferes with C16:1-OH due to 470 → 85 
transition.   

   8.    Isotope of formiminoglutamate (FIGLU) with  m / z  of 288 
interferes with C4. This is avoided by using MRM 288 → 141 
for C4.         
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    Chapter 3   

 Quantifi cation of Arginine and Its Methylated Derivatives 
in Plasma by High-Performance Liquid Chromatography 
Tandem Mass Spectrometry (LC-MS/MS)       

     Faye     B.     Vicente    ,     Gina     Vespa    ,     Alan     Miller    , and     Shannon     Haymond      

  Abstract 

   Arginine is the substrate for nitric oxide synthases (NOS), thus the production of nitric oxide (NO) is based 
on arginine availability. Arginine is methylated through the activity of protein arginine methyltransferases 
(PRMT1 and PRMT2), to form asymmetrical dimethylarginine (ADMA) and symmetrical dimethylarginine 
(SDMA). These compounds have gained interest in recent years due to their infl uence on NO production 
rates and association with cardiovascular and renal diseases. The accurate and precise measurement of 
arginine and its methylated derivatives is needed for research studies investigating their role(s) in NO bio-
availability and development of disease. We describe a high-performance liquid chromatography tandem 
mass spectrometry (HPLC-MS/MS) method for quantifying arginine, ADMA, and SDMA requiring only 
50 μL of plasma. The sample preparation involves addition of internal standards (ADMA-d 7  for ADMA and 
SDMA, and  13 C 6  -arginine for arginine) prior to protein precipitation with LCMS grade acetonitrile. 
Samples are centrifuged and supernatant is dried under nitrogen gas at 50 °C. Samples are reconstituted 
with mobile phase (ammonium acetate—formic acid—water). Arginine, ADMA, and SDMA are separated 
using an isocratic HPLC method on a 3 μM silica analytical column. MS/MS detection is performed in the 
multiple-reaction monitoring (MRM) mode and the transitions monitored are  m / z  203 to  m / z  70 for 
ADMA and SDMA,  m / z  210 to  m / z  77 for ADMA-d 7 ,  m / z  175 to  m / z  70 for arginine, and  m / z  181 to 
 m / z  74 for  13 C 6 -arginine.  

  Key words      Arginine    ,    Asymmetric dimethylarginine       ,    Symmetric dimethylarginine       ,    Mass spectrometry    , 
   Liquid chromatography    ,    Plasma    ,   Quantifi cation  

1      Introduction 

  Asymmetric dimethylarginine      (ADMA) and  symmetric dimethylar-
ginine   (SDMA) are the major products of  arginine    methylation  . 
N-monomethylarginine (NMMA) is an intermediate in this path-
way so its concentration is signifi cantly less than that of ADMA and 
SDMA in  plasma  . These compounds have gained recent interest 
due to their role in NO production and evidence that imbalanced 
NO synthesis leads to loss of vascular “protection”, which results 
in endothelial dysfunction and oxidative stress [ 1 ]. Nitric oxide is 
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produced from  L -arginine in a reaction catalyzed by three distinct 
isoforms of NO synthase (NOS). NMMA and ADMA directly 
inhibit NOS, whereas SDMA may limit NO production by com-
petitively inhibiting the cellular uptake of arginine. Recent reports 
indicate increased concentrations of methylarginine compounds 
are associated with many pathological conditions, including car-
diovascular disease, renal failure, pulmonary  hypertension  , septic 
shock, and preeclampsia [ 2 ,  3 ]. The actions of methylated arginines 
and their contribution to evolution of disease are poorly understood. 
Investigation into the metabolism of arginine and its methylated 
derivatives requires accurate and precise measurement of their con-
centrations in biological samples.  Liquid chromatography   tandem 
mass  spectrometry      (LC-MS/ MS  ) is well suited for this purpose, as it 
enables simultaneous quantitation of arginine and the methylargi-
nines with high sensitivity, specifi city, and precision. 

 This chapter describes a  LC-MS/MS   method for quantifying 
 arginine  , ADMA, and SDMA in 50 μL of  plasma  .  

2    Materials 

    Plasma   collected using K2-EDTA anticoagulant. Samples are 
stable for 1 month when frozen at −20 °C for up to two freeze/
thaw cycles.  

       1.    Clinical Laboratory Reagent Water (CLRW) 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 CLRW): 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) formic 
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.   

   6.    Needle Wash Solvent (100 % methanol): Stable at room tem-
perature for 1 month.   

   7.    Charcoal dextran stripped human serum.   
   8.    Phosphate Buffered Saline (PBS), 0.138 M NaCl, 0.0027 M 

KCl.      

2.1  Samples

2.2  Solvents 
and Reagents

Faye B. Vicente et al.



23

       1.    Primary standards: N G ,N G - Dimethylarginine   (ADMA) dihy-
drochloride (C 8 H 18 N 4 O 2  · 2HCl), N G ,N G ′-Dimethyl- L - arginine   
di( p -hydroxyazobenzene- p ′-sulfonate) salt (SDMA) 
(C 8 H 18 N 4 O 2  · 2C 12 H 10 N 2 O 4 S),  L -arginine (C 6 H 14 N 4 O 2 ) (Sigma 
Aldrich Co.).   

   2.    ADMA Calibrator Stock Solutions (23.3–727 μmol/L primary 
standard in CLRW):
   (a)    Add 10 mg ADMA primary standard to 50-mL volumetric 

fl ask, bring to volume with CLRW and mix well by inver-
sion. This ADMA standard stock solution 1 is 
727 μmol/L. Stable at −70 °C for 2 years ( see   Note 1 ).   

  (b)    Add 4 mL of the ADMA standard solution 1 to 25-mL 
volumetric fl ask, bring to volume with CLRW and mix 
well by inversion. This ADMA standard stock solution 2 is 
116 μmol/L. Stable at −70 °C for 2 years.   

  (c)    Add 2 mL of standard stock solution 2 to 10-mL volumet-
ric fl ask, bring to volume with CLRW and mix well by 
inversion. This ADMA standard stock solution 3 is 
23.3 μmol/L. Stable at −70 °C for 2 years.       

   3.    SDMA Calibrator Stock Solutions (66.2–1380 μmol/L pri-
mary standard in CLRW):
   (a)    Add 10 mg SDMA primary standard to 10-mL volumetric 

fl ask, bring to volume with CLRW and mix well by inver-
sion. This SDMA standard stock solution 1 is 
1380 μmol/L. Stable at −70 °C for 2 years ( see   Note 1 ).   

  (b)    Add 4 mL of the SDMA standard solution 1 to 25-mL 
volumetric fl ask, bring to volume with CLRW and mix 
well by inversion. This SDMA standard stock solution 2 is 
221 μmol/L. Stable at −70 °C for 2 years.   

  (c)    Add 3 mL of standard stock solution 2 to 10-mL volumet-
ric fl ask, bring to volume with CLRW and mix well by 
inversion. This SDMA standard stock solution 3 is 
66.2 μmol/L. Stable at −70 °C for 2 years.       

   4.     Arginine   Calibrator Stock Solution (5473 μmol/L primary 
standard in CLRW): Add 25 mg  arginine   primary standard to 
25-mL volumetric fl ask, bring to volume with CLRW and mix 
well by inversion. Stable at −70 °C for 2 years ( see   Note 1 ).   

   5.    Calibrators (0–2.33 μmol/L ADMA, 0–4.42 μmol/L SDMA, 
0–230 μmol/L  Arginine   in CLRW): Prepare Calibrators 1–5 
by diluting the standard stock solution(s) according to Table  1 . 
Working calibrators 1, 2, 3, and 5 are made according to 
Table  1  using 50-mL volumetric fl ask(s). Working calibrator 4 
is made according to Table  1  using a 100-mL volumetric fl ask. 
Working calibrator 5 is CLRW. The calibrators are stable for 2 
years when stored at −70 °C ( see   Note 2 ).

2.3  Standards 
and Calibrators

Quantifi cation of Arginine and Its Methylated Derivatives…
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       6.     HPLC  /MS Check Stock Solution (34.9 μmol/L ADMA, 
11.0 μmol/L SDMA, 2872 μmol/L  Arginine   in CLRW): Add 
3 mL of ADMA standard stock solution 2, 0.5 mL of SDMA 
standard stock solution 2, and 5 mL of  arginine   standard stock 
solution to 10-mL volumetric fl ask, bring to volume with 
CLRW and mix well by inversion. Stable at −70 °C for 2 years.   

   7.     HPLC  /MS Check Standard (0.55 μmol/L ADMA, 
0.11 μmol/L SDMA, 28.7 μmol/L  Arginine   in CLRW): Add 
0.5 mL of HPLC/MS Check stock solution to 50-mL volu-
metric fl ask, bring to volume with CLRW and mix well by 
inversion. Stable at −70 °C for 2 years.      

       1.    Primary internal standards (I.S.):  asymmetric dimethylarginine      
hydrochloride (ADMA-d 7 ) (C 8 H 12 ClD 7 N 4 O 2  · H 2 O),  13  C  6  -L - 
arginine      hydrochloride ( 13 C 6 H 15 ClN 4 O 2 ) (Cambridge Isotope 
Laboratories).   

   2.    Quality Control Stock solutions: Primary standards are 
 separately weighed or from different lots than those used to 
prepare calibrator stock solutions.   

   3.    ADMA-d 7  I.S. Stock Solution (379 μmol/L primary I.S. in 
CLRW): Add 5 mg ADMA-d 7  primary I.S. to 50-mL volumet-
ric fl ask, bring to volume with CLRW and mix well by inversion. 
Stable at −70 °C for 2 years ( see   Note 1 ).   

   4.     13 C 6 - Arginine   I.S. Stock Solution (923 μmol/L primary I.S. 
in CLRW): Add 10 mg  13 C 6 - arginine   primary I.S. to 50-mL 

2.4  Internal 
Standard and Quality 
Controls

     Table 1  
  Preparation of calibrators   

 Calibrator 
 Volume of standard stock solution 
(mL) 

 Volume of special 
reagent water (mL) 

 Final concentration 
(μmol/L) 

 1  1.0 (ADMA stock solution 2) 
 1.0 (SDMA stock solution 2) 
 2.0 ( Arginine   stock solution) 

 46.0  2.33 (ADMA) 
 4.42 (SDMA) 
 230 ( Arginine)   

 2  0.5 (ADMA stock solution 2) 
 0.5 (SDMA stock solution 2) 
 1.0 ( Arginine   stock solution) 

 48.0  1.16 (ADMA) 
 2.21 (SDMA) 
 115 ( Arginine)   

 3  1.0 (ADMA stock solution 3) 
 1.0 (SDMA stock solution 3) 
 0.5 ( Arginine   stock solution) 

 47.5  0.47 (ADMA) 
 1.32 (SDMA) 
 57.4 ( Arginine)   

 4  0.5 (ADMA stock solution 3) 
 0.5 (SDMA stock solution 3) 
 0.5 ( Arginine   stock solution) 

 98.5  0.12 (ADMA) 
 0.33 (SDMA) 
 28.7 ( Arginine)   

 5  0  50  0 (ADMA) 
 0 (SDMA) 
 0 ( Arginine)   

Faye B. Vicente et al.
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volumetric fl ask, bring to volume with CLRW and mix well by 
inversion. Stable at −70 °C for 2 years ( see   Note 1 ).   

   5.    I.S. Working Solution (1.90 μmol/L ADMA-d 7 , 36.9 μmol/L 
 13 C 6 - Arginine   in CLRW): Add 0.5 mL of ADMA-d 7  I.S. stock 
solution and 4 mL of  13 C 6 -Arginine I.S. stock solution to 100- mL 
volumetric fl ask, bring to volume with CLRW and mix well by 
inversion. Stable at −70 °C for 2 years ( see   Note 3 ).   

   6.    ADMA Quality Control Stock Solutions (7.27–3635 μmol/L 
primary standard in CLRW):
   (a)    Add 10 mg ADMA primary standard to 10-mL volumetric 

fl ask, bring to volume with CLRW and mix well by inversion. 
This ADMA quality control stock solution 1 is 3635 μmol/L. 
Stable at −70 °C for 2 years ( see   Note 1 ).   

  (b)    Add 5 mL of previous ADMA quality control stock solu-
tion 1 to 50-mL volumetric fl ask, bring to volume with 
CLRW and mix well by inversion. This ADMA quality 
control stock solution 2 is 364 μmol/L. Stable at −70 °C 
for 2 years.   

  (c)    Add 2 mL of ADMA quality control stock solution 2 to 
100-mL volumetric fl ask, bring to volume with CLRW and 
mix well by inversion. This ADMA quality control stock 
solution 3 is 7.27 μmol/L. Stable at –70 ºC for 2 years.       

   7.    SDMA Quality Control Stock Solutions (2.76–138 μmol/L 
primary standard in CLRW):
   (a)    Add 10 mg SDMA primary standard to 100-mL volumetric 

fl ask, bring to volume with CLRW and mix well by inver-
sion. This SDMA quality control stock solution 1 is 
138 μmol/L. Stable at −70 °C for 2 years ( see   Note 1 ).   

  (b)    Add 2 mL of previous SDMA quality control stock 
solution 1 to 100-mL volumetric fl ask, bring to volume 
with CLRW and mix well by inversion. This SDMA quality 
control stock solution 2 is 2.27 μmol/L. Stable at −70 °C 
for 2 years.       

   8.     Arginine   Quality Control Stock Solutions (2297–4594 μmol/L 
primary standard in CLRW).
   (a)    Add 20 mg of  arginine   primary standard to 25 mL 

volumetric flask, bring to volume with CLRW and mix 
well by inversion. This arginine quality control stock 
solution 1 is 4594 μmol/L. Stable at −70 °C for 2 years 
( see   Note 1 ).   

  (b)    Add 5 mL of the previous  arginine   quality control stock 
solution 1 to 10-mL volumetric fl ask, bring to volume 
with CLRW and mix well by inversion. This arginine quality 
control stock solution 2 is 2297 μg/mL. Stable at −70 °C 
for 2 years.    

Quantifi cation of Arginine and Its Methylated Derivatives…



26

      9.    Quality Controls (0.29–0.58 μmol/L ADMA, 0.33–
0.55 μmol/L SDMA, 45.9–184 μmol/L,  Arginine   in charcoal 
stripped serum).
   (a)    The levels of ADMA, SDMA, and  arginine   in the serum or 

 plasma   are predetermined by using this protocol or by an 
external laboratory using  LC-MS/MS   technology and are 
added to the fi nal concentrations of the quality controls.   

  (b)    Prepare low 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 solution(s) 
for each ADMA, SDMA, and  arginine   as shown in Table  2  
to 25-mL volumetric fl ask(s) and bring to volume with 
serum (or  plasma  ). Mix well by inversion after each dilution 
step. Stable at −70 °C for 2 years ( see   Notes 2  and  4 ).

                  1.    Analytical Column: Phenomenex Luna Silica, 3 μm 
100 × 4.6 mm I.D.   

   2.    Guard Column: Phenomenex Luna Silica, 4 × 3.0 mm I.D.   
   3.    Waters 2795 Alliance HT Separation Module with Micromass 

Quattro Micro API equipped with MassLynx.   
   4.    Thermo Scientifi c Reacti-Therm III Heating/Stirring Module.       

3    Methods 

       1.    Ensure the instrument is properly tuned and verify system 
performance ( see   Notes 5  and  6 ).   

   2.    Pipette 50 μL of sample (calibrators, quality controls, PBS blank, 
and patient  plasma  ) to labeled 1.5-mL microcentrifuge tubes.   

   3.    Add 50 μL of the internal standard solution.   
   4.    Cap and vortex mix tubes briefl y and let stand for 10 min at 

room temperature.   
   5.    Add 500 μL of acetonitrile to each tube, cap and vortex mix 

for 7–10 s.   

2.5  Supplies 
and Equipment

3.1  Stepwise 
Procedure

    Table 2  
  Preparation of quality controls   

 Quality 
control 

 Volume of control stock solution 
(mL) 

 Volume of charcoal dextran 
stripped serum (mL) 

 Final concentration 
(μmol/L) 

 Low  1.0 (ADMA stock solution 3) 
 3.0 (SDMA stock solution 2) 
 0.5 ( Arginine   stock solution 2) 

 20.5  0.29 (ADMA) 
 0.33 (SDMA) 
 66.4 ( Arginine)   

 High  2.0 (ADMA stock solution 3) 
 5.0 (SDMA stock solution 2) 
 2.0 ( Arginine   stock solution 2) 

 16.0  0.58 (ADMA) 
 0.55 (SDMA) 
 200 ( Arginine)   

Faye B. Vicente et al.
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   6.    Let the samples stand for 15 min at room temperature.   
   7.    Centrifuge at 13,440 rcf for 5 min at room temperature.   
   8.    Transfer supernatant into labeled 13 × 100 mm glass culture 

tubes.   
   9.    Using the Thermo Scientifi c Reacti-Therm III Heating/Stirring 

Module, dry samples gently under nitrogen gas at 50 °C until 
completely dry ( see   Note 7 ).   

   10.    Reconstitute the supernatant by adding 1.0 mL mobile phase A.   
   11.    Cap the tubes and vortex mix thoroughly for 7–10 s.   
   12.    Centrifuge at 1430–1500 ×  g  for 5 min.   
   13.    Transfer solution to appropriately labeled autosampler vials.   
   14.    Inject 10 μL of sample onto  LC-MS/MS  .      

       1.    Instrumental operating parameters are given in Table  3 .
       2.    Analyze the data using the QuanLynx software (Waters 

Corporation).   

3.2  Analysis

   Table 3  
   LC-MS/MS   operating conditions   

 A. HPLC a  
 Column temperature  10 °C ±5 
 Flow rate  0.375 mL/min 
 Isocratic program  Time (min) 

 0.00–9.00 
 95 % Mobile Phase A 

 B. MS/MS tune settings b  
 Capillary voltage (kV)  0.25 
 Source temperature (°C)  130 
 Desolvation temperature (°C)  450 
 Cone gas (L/h)  30 
 Desolvation gas (L/h)  650 
 Collision gas pressure (mbar)  4.17 e−3 
 LM1 resolution  13.5 
 HM1 resolution  13.5 
 Ion energy 1  0.1 
 MS/MS entrance  −2 
 MS/MS exit  2 
 LM2 resolution  11.3 
 HM2 resolution  11.3 
 Ion energy 2  2.4 

 C. MRM method settings b  
 Cone (V)  Collision (eV)  Inter-channel 

delay (s) 
 Inter-scan 

delay (s) 
 27  23  0.03  0.03 

   a The total run time is 9.0 min. Solvent fl ow was diverted from the source to waste at 
0–2 min and at 8.5–9.0 min 
  b Tune and MRM settings may vary slightly between instruments  

Quantifi cation of Arginine and Its Methylated Derivatives…



28

   3.    With each analytical run, a 5-point standard calibration curve is 
created by linear regression of the analyte/I.S. peak area ratio 
with the origin included using the quantifying ions indicated in 
Table  4 . The concentrations of the controls and unknown 
samples are determined from the curve.

       4.    The expected retention times for ADMA, SDMA, and  arginine   
are 6.77 min (acceptable range: 6.43–7.11 min), 6.04 min 
(acceptable range: 5.74–6.32 min), and 4.27 min (acceptable 
range: 4.20–4.45 min), respectively. The expected retention times 
for ADMA-d 7  and  13 C 6 - Arginine   are 6.77 min (acceptable range: 
6.43–7.11 min) and 4.26 min (acceptable range: 4.20–4.45 min), 
respectively. Representative ion chromatograms for ADMA, 
SDMA, arginine, 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. We 
 determined 1500 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 of 1500. If after re-
injection, the internal standard peak area is still below 1500, 
determine the signal-to-noise ratio of the analyte peak. Signal-
to-noise ratio greater than 10 is acceptable for reporting.   

   6.    Evaluate for carryover effects in the PBS blank injected after 
Calibrator 1. Carryover is signifi cant when ADMA, SDMA, 
and  arginine   concentrations in the PBS blank is greater than 
the limit of detection levels 0.01, 0.03, and 1.15 μmol/L, 
 respectively, and in the low quality control is greater than the 
two standard deviations of the target value and/or assigned 
mean. If carryover is signifi cant, troubleshoot and perform 
corrective action. Repeat the evaluation to demonstrate that 
carryover is no longer detected.   

   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.   

   Table 4  
  Precursor and product ions for ADMA, SDMA, ADMA-d 7 ,  arginine  , and 
 13 C 6 -arginine   

 Analyte  Precursor ion (M + H) +   Product ion 

 ADMA  203.10  69.95 

 SDMA  203.10  69.95 

 ADMA-d 7   210.15  76.95 

  Arginine    175.10  69.90 

  13 C 6 - Arginine    181.10  73.95 

Faye B. Vicente et al.
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   8.    The method is linear from 0.10 to 2.15 μmol/L for ADMA, 
0.10–6.00 μmol/L for SDMA, and 5.8–230.0 μmol/L for 
 arginine  . The low limit of quantitation of ADMA, SDMA, and 
arginine is 0.10, 0.10, and 5.8 μmol/L, respectively. The intra- 
and inter-day precision is <5 %.   

   9.    No signifi cant ion suppression was found in charcoal-stripped 
serum (used for preparing quality controls) and  plasma   pools.       

4    Notes 

     1.    When preparing standard and I.S. stock solution(s), com-
pletely dissolve the solid material in small amount of CLRW in 
volumetric fl ask(s) before bringing to volume. Briefl y sonicate 
to accelerate the dissolution process.   

   2.    Calibrators and quality controls are pre-aliquoted and stored in 
−70 °C until use. Pipette 125 μL of the calibrator and quality 
controls solutions into 1.2-mL cryogenic vials. Opened cali-
brator vials are for one time use only. Opened quality control 
vials are stable for 7 days at −20 °C.   

   3.    Working I.S. solution is pre-aliquoted and stored in −70 °C until 
use. Pipette 2 mL of the solution into 2.0-mL cryogenic vials. 
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  Fig. 1    Representative  LC-MS/MS   ion chromatograms of SDMA (0.71 μmol/L), ADMA (0.69 μmol/L), ADMA-d 7  
(1.9 μmol/L),  arginine   (62.5 μmol/L), and  13 C 6 -arginine (36.1 μmol/L) in a  plasma   sample       
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Opened vials are for one time use only. When more than one 
vial of the solution is required to prepare a batch of samples, 
combine and mix well before use.   

   4.    Charcoal dextran stripped serum is preferred for preparing 
quality controls because it contains minimal level of endoge-
nous ADMA, SDMA, and  arginine  . However, pooled or 
single- donor serum and/or EDTA  plasma   obtained from 
healthy volunteers may also be used. The serum or plasma can 
be diluted with PBS to reduce the concentration of endoge-
nous ADMA, SDMA, and arginine. The percentage of PBS 
compared to serum or plasma should not exceed 50 %.   

   5.    System check: To verify system performance before running 
patient samples, inject the  HPLC  /MS check standard solution 
after a water blank. Verify that the analytes retention times are 
within their respective acceptable limits and that the signal-to- 
noise (peak-to-peak) of the ADMA and  arginine   peaks is 
greater than 100 and greater than 10 for the SDMA peak. 
The HPLC/MS check standard solution is pre-aliquoted and 
stored in −70 °C until use. Opened vials are for one time use 
only. New columns are prepared by fl ushing with 10 mL of 
100 % isopropanol alcohol at 0.400 mL/min followed by 
50 mL of 100 % methanol at 0.400 mL/min.   

   6.    Tuning the mass spectrometer: To adjust the mass spectrometer 
parameters for optimum sensitivity and stability of ions  measured, 
tuning solutions of ADMA, SDMA, ADMA-d 7 ,  arginine  , and 
 13 C 6 -arginine (12, 40, 10, 4, and 4 μg/mL in CLRW, respec-
tively) are infused into the ion source at 10 μL/min while sol-
vent from the  HPLC   consisting of 95 % Mobile Phase A and 5 % 
Mobile Phase B is introduced via a peak “tee” connector at 
0.375 mL/min. After analytical runs are completed, the column 
is fl ushed for 60 min at a fl ow rate of 0.200 mL/min and stored 
with 70 % methanol in water.   

   7.    Apply low nitrogen gas fl ow during the drying step. Analyte 
may be lost at higher gas fl ow rates.         

   References 
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    Chapter 4   

 Quantitation of Albumin in Urine by Liquid 
Chromatography Tandem Mass Spectrometry       

     Hemamalini     Ketha      and     Ravinder     J.     Singh     

  Abstract 

   Urinary excretion of human serum albumin (HSA), a 6.65 kDa monomeric protein, is a sensitive marker 
of renal damage associated with many diseases including diabetes mellitus. Albumin is synthesized by the 
liver and functions as a transport protein for fat-soluble hormones and drugs and for maintaining plasma 
colloid osmotic pressure and pH. Albumin is not fi ltered at the glomerulus and its presence in the urine at 
concentration above 30 mg/day is suggestive of glomerular damage. Early diagnosis of microalbuminuria 
(30–300 mg/24 h urine albumin excretion or 30–300 mg/g creatinine in random collections) has prog-
nostic value for monitoring disease progression and early clinical management of diabetic nephropathy in 
prediabetic patients. Current methods for quantitation of urine albumin are based on immunoassays or 
size exclusion high-performance liquid chromatography coupled with UV detection (SEC-HPLC-UV). 
Studies have demonstrated discordance between the existing methods. It has been suggested that while 
immunoassays underestimate albumin in urine, SEC-HPLC-UV method overestimates albumin as it cannot 
separate co-eluting interferences. This chapter describes a liquid chromatography tandem mass spectrometry 
LC-MS/MS candidate reference method for albumin quantitation.  

  Key words      LC-MS/MS    ,    Albumin    ,    Microalbuminuria    ,    Microalbumin    

1      Introduction 

  Albumin  , a 6.65 kDa monomeric protein, is the most abundant 
 plasma   protein in humans. Human liver synthesizes approximately 
15 g (~200 mg/kg)  albumin   per day. Primary functions of albumin 
include maintenance of plasma oncotic pressure and blood pH, 
transport of fat soluble hormones, unconjugated bilirubin and drugs 
[ 1 ].  Albumin   synthesis is regulated by nutritional status, colloid 
osmotic pressure, cytokines, and hormones. Colloid osmotic pres-
sure is a form of osmotic pressure exerted by  proteins  , primarily 
albumin, which is responsible for about 80 % of the total colloid 
osmotic pressure exerted by blood plasma on the interstitial fl uid. 
Physiological states that cause a reduction in plasma albumin includ-
ing proteinuria and malnutrition lead to reduction of plasma oncotic 
pressure and increased capillary fi ltration and result in edema. 
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 Presence of protein in the urine (proteinuria) is a  marker   of 
degree of renal damage in kidney disease [ 2 ,  3 ]. Proteinuria has 
been classifi ed as glomerular, tubular, overfl ow, or post-renal based 
on the site of the fi ltration defect. In adults with normal kidney 
function,  albumin   is not fi ltered via glomerular fi ltration. Therefore, 
albuminuria is also termed as glomerular proteinuria and quantita-
tion of urine albumin is clinically useful for assessment of glomeru-
lar permeability. The presence of 30–300 mg/24 h urine albumin 
excretion or 30–300 mg/g creatinine in random collections is 
termed as  microalbuminuria   and greater than 300 mg in a 24 h 
urine collection is termed as albuminuria. It is recommended to 
confi rm the presence of microalbuminuria by repeating the 24 h 
urine measurement over a 2- to 3-month period.  Microalbuminuria   
is an important prognostic marker of diabetic nephropathy and is 
an adverse predictor of glycemic control in prediabetic patients. 
Untreated diabetic nephropathy can lead to renal failure in 5–7 
years. On the other hand, timely diagnosis and treatment of 
microalbuminuria can help slow the progression of diabetic 
nephropathy [ 3 ]. 

 FDA-cleared immunoassays and size-exclusion high- performance 
 liquid chromatography   coupled with UV detection (SEC- HPLC  -
UV)-based assay (Accumin™, AusAm Biotechnologies) are used 
for  albumin   measurements [ 4 ,  5 ]. A study by Sviridov et al. sug-
gested that SEC-HPLC-UV cannot separate transferrin, α1 acid gly-
coprotein, and α1 antitrypsin from albumin leading to overestimation 
compared to the immunoassay [ 6 ]. Due to discordance between the 
two methods, liquid chromatography  tandem mass spectrometry      
(LC-MS/ MS  )-based methods have been developed [ 7 ,  8 ]. This 
chapter describes a candidate reference LC-MS/MS method for 
human albumin in urine.  

2    Materials 

   Urine is an acceptable sample type for this method. Samples have 
to be maintained frozen prior to analysis and up to three freeze–
thaw cycles are acceptable.  

       1.    Phosphate Buffered Saline (PBS) (Roche). Store at room 
temperature. Expiration: until date printed on box. Dilute 
appropriately with water (stable at room temperature for 
3 months).   

   2.    Mobile Phase A (water, 0.1 % formic acid): Stable at room 
temperature for 1 month.   

   3.    Mobile Phase B (acetonitrile, 0.1 % formic acid): Stable at 
room temperature for 1 month.   

   4.    Clinical Laboratory Reagent Water (CLRW).   

2.1  Samples

2.2  Reagents 
and Buffers

Hemamalini Ketha and Ravinder J. Singh
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   5.    Human serum  albumin   (HSA) (Sigma-Aldrich)  fo  r preparation 
of calibrators.   

   6.    Bovine serum  albumin   (BSA) (Sigma-Aldrich) for preparation 
of internal standard.      

       1.    Dissolve 2 g HSA in 1 L PBS, Label as Intermediate 2 g/L 
Std.  Store   at −80 °C for 2 years. A dilution scheme for prepara-
tion of calibrators has been shown in Table  1 .

       2.    Dissolve 1 g BSA in 1 L CLRW water to make a working 
internal standard solution 1 g/L. Store at −80 °C for 2 years 
( see   Note 1 ).   

   3.    Three levels of quality control samples (Low: 30–50 mg/L; 
Medium: 90–120 mg/L; High: 350–380 mg/L are prepared 
by pooling patient samples at appropriate concentrations). 
Samples can be aliquoted and stored at −80 °C for 2 years.      

       1.    Transfer pipettes, vortex, and microtiter plate shaker.   
   2.    Incubator shaker that can shake at 250 rpm.   
   3.    Analytical column: 2.0 cm × 2.1 mm, 5 μm Supelco Discovery ®  

BIO wide-pore C-8 column (Chromtech).   
   4.    Thermo-Cohesive  HPLC   system (Thermo Scientifi c).   
   5.    Applied Biosystems API 5000 triple quadrupole mass 

spectrometer.       

3    Method 

       1.    Thaw the patient samples, calibrators, controls, blanks, and IS 
until they reach room temperature.   

   2.    Pipette 0.1 mL of each of samples, calibrators, controls, and 
blanks into individual well of the 96-well plate.   

2.3  Calibrators, 
Internal Standard, 
and Quality Control 
Samples

2.4  Supplies 
and Equipment

3.1  Sample 
Preparation

   Table 1  
  Dilution scheme for preparing HSA calibrator samples   

 Calibrator concentration mg/L  Intermediate 2 g/L Std (mL)  PBS (mL) 

 0  0  250 

 12  1.5  248.5 

 24  3  247 

 48  6  244 

 96  12  238 

 210  26.25  223.75 

 420  52.5  197.5 

Quantitation of Albumin in Urine by Liquid Chromatography ...
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   3.    Add 20 μL IS (BSA) into each well. Cover the plate with an 
adhesive plate seal and incubate at ambient temperature on the 
plate shaker for 15 min with constant shaking.   

   4.    The prepared samples can be stored in a refrigerator until 
analyzed.      

       1.    Mobile phase A: water, 0.1 % formic acid; mobile phase B: 
acetonitrile,    0.1 % formic acid ( see   Note 2 ).   

   2.    Flow rate: 400 μL/min.   
   3.    The injected extract is separated on a wide pore C8, size 

2 cm × 2.1 mm, 5 μm analytical column. During the fi rst 5 min, 
the organic mobile phase content is increased from 5 to 30 % 
with a linear gradient, and the fl ow diverted to waste with the 
help of a  multiplexing    HPLC   system (Cohesive Technologies 
Inc.). During the next 4 min,     albumin      is eluted by an increas-
ing gradient of the organic phase from 30 to 95 %, and redi-
recting sample fl ow to the mass spectrometer in the relevant 
acquisition LC time frame (ABI Sciex API 5000  LC-MS/MS   
system).      

   The  m / z  of  albumin   and the respective IS for quantitative analysis 
have been shown in Table  2 . Representative fragmentation pattern 
and  total   ion chromatograms have been shown in Fig.  1 .

           1.    Data are quantitated using the Analyst™ Software (version 
1.4.1 or higher) (Applied Biosystems).   

   2.    Calibration curves are established for every day of analytical 
run based on linear fi t regression of IS peak area/IS concentra-
tion ( x -axis) vs. analyte concentration/IS peak area ( y -axis). 
Peak area ratios are then used to calculate the analyte concen-
tration by the software.   

   3.    Area of Q1/Q3 pair 685.1/913.2 is used for quantitation and 
698.5/930.9 is used as the IS.   

   4.    Calibration curve is acceptable if correlation coeffi cient is 
≥0.99. If one of the calibrators is out of range by greater 

3.2   HPLC   Conditions

3.3  Mass 
Spectrometer 
Conditions 
( See   Notes 3 – 5 )

3.4  Data Analysis 
and Quantitation

   Table 2  
  MRMs for human  albumin   (analyte) and bovine serum albumin (IS)   

 Ion  Q1 Mass (amu)  Q3 Mass (amu)  Time (ms) 

 Human  albumin,   analyte  685.1 (b 24  4+ ) a   913.2 (b 24  3+ ) a   150 

 Bovine serum  albumin,   IS  698.5 (b 24  4+ ) a   930.9 (b 24  3+ ) a   150 

   a b  n  ;  n  = number of amino acids  

Hemamalini Ketha and Ravinder J. Singh
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than ± 20 % of the expected value then the curve may be plotted 
after eliminating the calibrator. The lowest and the highest 
calibrators may not be removed as they will  affect   the LOQ 
and reportable range.   

   5.    QC values are acceptable if found to be with ± 2SD of the 
established mean for the lot.   

   6.    The chromatographic retention times are monitored closely. 
A ± 0.03 min shift in retention time on each LC system is 
considered acceptable.       

4    Notes 

     1.    N15-labeled HSA has also been used as an internal standard 
for quantitation [ 7 ].   

   2.    Mobile phase gradients may need to be optimized with other 
organic solvent like methanol to achieve best signal-to-noise 
ratios.   

   3.    Mass spectrometer source and lens parameters need to be 
optimized on every instrument as they differ between instru-
ments of even the same manufacturer.   
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  Fig. 1    Total ion chromatogram of a microalbuminuric patient urine sample.  x -axis shows elution time and the 
 y -axis shows signal intensity in counts per second. The internal standard (BSA) 24 amino acid N-terminal frag-
ments in their 3+ charge and 4+ charge states are depicted in  green  and  gray , respectively. The corresponding 
3+ and 4+ fragments of the  albumin   in the patient sample are shown in  blue  and  red , respectively. The  purple  
trace shows the result of ion suppression test where the analyte was injected directly into the mobile phase. 
The  inset  shows the corresponding ion scan mass spectra of the N-terminal fragments obtained for HSA and 
BSA. Reproduced with permission from ref. [ 8 ]       
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   4.    MS/MS parameters should be optimized for HSA and BSA by 
infusing a stock solution through a “tee” into a 250 μL/min 
fl ow stream consisting of 40 % mobile phase A. We observed 
that declustering potential of 350 V could facilitate N-terminal 
fragmentation of  albumin     .   

   5.    Ion suppression on the instrument can be assessed as follows. 
Connect a syringe pump via a tee to the column effl uent and 
infuse HSA and BSA stock solution directly into the electro-
spray source until a constant response is obtained. Then a 
stripped serum blank and a pooled serum control extracted 
and prepared after complete sample work-up is injected onto 
the column to observe  the   effect of matrix suppression on the 
response for the continuously infused HSA or BSA.         
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Chapter 5

Quantitation of Aldosterone in Serum or Plasma  
Using Liquid Chromatography-Tandem Mass  
Spectrometry (LC-MS/MS)

J. Grace Van Der Gugten and Daniel T. Holmes

Abstract

Accurate determination of serum and plasma aldosterone is essential for screening, diagnosis, and subtype 
classification of primary aldosteronism (PA). Its measurement is also used in the investigation of adrenal 
incidentaloma, adrenal carcinoma, Addison’s disease, congenital adrenal hyperplasia, renal artery stenosis, 
and renal tubular channelopathies. We describe a simple and robust method for the accurate and precise 
measurement of aldosterone in serum or plasma using liquid chromatography and tandem mass spectrometry 
(LC-MS/MS). After addition of internal standard, aldosterone is extracted from serum samples using sup-
ported liquid extraction (SLE) with methyl-t-butyl ether (MtBE). The MtBE is evaporated to dryness and 
sample is reconstituted with mobile phase before injection onto the LC-MS/MS and quantitation using an 
8-point calibration curve. The assay calibration range is approximately 50–6500 pmol/L (0.16–234 ng/dL) 
with total imprecision between 6.8 and 4.1  % for concentrations between about 50 and 1000  pmol/L 
respectively.

Key words Primary aldosteronism, Mineralocorticoid hypertension, Secondary hypertension, 
Hypokalemia, Aldosterone, Plasma renin activity, Mass spectrometry

1  Introduction

Primary aldosteronism (PA) is caused by adrenal aldosterone 
production which is independent of or out of proportion to stimu-
lation by angiotensin II as produced by the renin–angiotensin sys-
tem [1, 2]. Under the action of excess plasma aldosterone, affected 
individuals develop hypertension which is characteristically resis-
tant to commonly employed antihypertensives and a minority of 
more severely affected patients may develop hypokalemia and met-
abolic alkalosis. Causes of PA include (bilateral) idiopathic adrenal 
hyperplasia, aldosterone-producing adenoma, and a number of 
hereditary forms, the most common of which is Glucocorticoid 
Remediable Aldosteronism also known as Familial 
Hyperaldosteronism Type I.



38

Aldosterone is a difficult analyte owing to its low concentration 
and the presence of metabolites that cross-react with immunoassay 
methods, particularly in the setting of renal impairment [3]. These 
analytical problems have meant that aldosterone immunoassays 
may produce results that differ by a factor of 2 on identical samples 
[4]. LC-MS/MS offers a means to alleviate these analytical issues 
because of the increased specificity it affords.

While the reference method for serum aldosterone has been 
gas chromatography and mass spectrometry after derivatization 
[5], the availability of high-sensitivity triple quadrupole mass spec-
trometers has made LC-MS/MS methods without chemical 
derivatization possible. Sample preparation approaches have 
included protein precipitation followed by online [6, 7] or offline 
[8] solid phase extraction (SPE), liquid–liquid extraction (LLE) 
[9–11] and more recently supported liquid extraction (SLE) [12, 
13]. The SLE methods offer an advantage over LLE methods in 
that they require approximately half the initial sample volume in 
order to achieve the same signal amplitude [12]. As with the major-
ity of other methods [6–13], electrospray ionization (ESI) in nega-
tive mode is used. We present a method for serum aldosterone 
from 250 μL of serum. The method is suitable for PA screening 
(i.e. the calculation of the aldosterone:plasma renin activity ratio) 
and has adequate analytical sensitivity for aldosterone analysis after 
salt-loading (e.g. by saline suppression or fludrocortisone). Analysis 
of adrenal venous samples can be achieved after appropriate sample 
dilution and cortisol analysis can be “multiplexed” as needed for 
this purpose. The sample preparation can be easily modified for the 
analysis of urine samples after acid hydrolysis.

2  Materials

	 1.	Serum from gel-free red-top tubes. EDTA plasma and heparin 
plasma collected in gel-free tubes are expected to be suitable 
samples. Interferences from gel-containing sample collection 
tubes are well-known to cause interferences with LC-MS/MS 
steroid methods and have been observed to affect this assay also.

	 2.	Supine sampling: Based on the 20  min in  vivo half-life of 
aldosterone [14], equilibration of levels requires at least 
90 min of supine posture prior to collection.

	 3.	Upright sampling: This is the preferred specimen type. Patient 
should be upright (sitting, standing, walking) for about 2 h 
prior to collection, followed by 5–15 min seated. It is preferable 
to collect the sample by mid-morning [1].

	 1.	1 M ammonium acetate solution: Weight 7.7 g of ammonium 
acetate and add deionized water to a total volume of 100 mL. 
Estimated stability: 1 year at 2–8 °C.

2.1  Samples

2.2  Solvents 
and Reagents

J. Grace Van Der Gugten and Daniel T. Holmes
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	 2.	Methyl-t-butyl ether (MtBE) OmniSolv®HPLC grade (EMD 
Millipore. Billerica, MA).

	 3.	Mass Spect Gold Steroid Free Serum (SFS) (Golden West 
Biologicals. Temecula, CA).

	 4.	Mobile Phase A (2 mM ammonium acetate in water): Add 2 mL 
of 1 M ammonium acetate solution to 1 L of deionized water. 
Estimated stability: at least 3 months at room temperature.

	 5.	Mobile Phase B (2 mM ammonium acetate in methanol): Add 
2 mL of 1 M ammonium acetate solution to 1 L of methanol. 
Estimated stability: at least 3 months at room temperature.

	 6.	1:1 methanol:water: Mix equal volumes of water and methanol 
in a suitable storage container. Estimated stability: at least 6 
months at room temperature.

	 7.	Reconstitution Solvent (20:80 methanol:water with 2  mM 
ammonium acetate): Mix 50 mL of methanol with 200 mL of 
water. Add 0.50  mL of 1  M ammonium acetate solution. 
Estimated stability: up to 6 months at 2–8 °C.

	 1.	Primary standard: 100  μg/mL aldosterone in acetonitrile 
(Cerilliant. Round Rock, TX).

	 2.	Primary internal standard (IS): d7-aldosterone (IsoSciences, 
King of Prussia, PA (see Note 1)).

	 3.	Aldosterone working solution: Dilute the 100 μg/mL aldoste-
rone stock solution 100-fold to 1000 ng/mL by aliquoting 
50 μL of the 100 μg/mL aldosterone stock solution to a 5 mL 
class A volumetric flask containing approximately 4 mL of ace-
tonitrile. Bring to volume and mix well before transferring to 
an appropriate glass storage container. Store at −70  °C. 
Estimated stability: at least 1 year at −70 °C.

	 4.	Aldosterone high spiking solution (234  ng/mL or 
649 nmol/L): Add 0.234 mL of the 1000 ng/mL aldosterone 
working solution to a 10 mL class A volumetric flask contain-
ing approximately 5 mL of acetonitrile. Bring to volume with 
acetonitrile, mix well, and transfer to an appropriate glass 
storage container. Store at −70 °C. Estimated stability: at least 
1 year at −70 °C.

	 5.	Aldosterone low spiking solution (23.4  ng/mL or 
64.9 nmol/L): Add 1 mL of the high spiking solution to a 
10 mL class A volumetric flask containing approximately 5 mL 
of acetonitrile. Bring to volume with acetonitrile, mix well, and 
transfer to an appropriate glass storage container. Store at 
−70 °C. Estimated stability: at least 1 year at −70 °C.

	 6.	IS stock solution (100 μg/mL or 273 μmol/L): Dissolve 1 mg 
of d7-aldosterone powder into 1 mL of acetonitrile in a new 
glass vial. Transfer contents to a 10 mL class A volumetric flask. 
Wash the original vial five times with 1 mL acetonitrile transferring 

2.3  Internal 
Standards 
and Standards

Quantitation of Aldosterone in Serum or Plasma Using Liquid…
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washing solution to the 10 mL volumetric flask. Bring the 10 mL 
volumetric flask to volume with acetonitrile and mix well before 
transferring to an appropriate glass storage container. Store at 
−70 °C. Estimated stability: at least 1 year at −70 °C.

	 7.	IS working solution: transfer 500  μL of the 100  μg/mL 
d7-aldosterone stock solution to a 25 mL class A volumetric 
flask containing approximately 10 mL of acetonitrile. Bring to 
25 mL volume with acetonitrile and mix well before transfer-
ring to an appropriate glass storage container. Store at 
−70 °C. Estimated stability: at least 1 year at −70 °C.

	 8.	IS tubes preparation: Aliquot 200 μL of the IS working solu-
tion prepared above to 16 × 100  mm glass tubes. Allow to 
evaporate (in fume hood) to dryness. Cap and store at −70 °C. 
Estimated stability: at least 1 year at −70 °C.

	 1.	Controls used are Lyphochek Immunoassay Plus Controls, 
levels 1, 2 and 3 (BioRad, Montreal, QC). The target value is 
set based on the mean value of 20 points over ten runs. 
Controls are run in duplicate distributed throughout each ana-
lytical run.

	 2.	An in-house patient pool is prepared approximately once a year 
by pooling discarded, anonymized, and previously analyzed 
specimens. The patient pool target value is set based on the 
mean value of 20 points over ten runs. Patient pools are run in 
duplicate distributed throughout each analytical run.

	 3.	Calibrators are prepared in-house using the aldosterone spiking 
solutions and SFS according to details provided in Table 1.

2.4  Calibrators 
and Controls

Table 1  
Volumes required to prepare final calibrant solutions

Calibrator 
level

Spiking 
solution

Volume of spiking 
solution (μL)

Final volume 
(mL)

Final concentration 
(ng/dL)

Final concentration 
(pmol/L)

1 Low   35 50   1.6   45

2 Low   80 50   3.7   104

3 Low 160 50   7.5   207

4 High   32 50   15   415

5 High   62 50   29   804

6 High 125 50   58.5 1620

7 High 250 50 117 3241

8 High 500 50 234 6482

Calibrators are prepared by placing 25 mL of SFS in a 50 mL class A volumetric flask. Spiking solution is then added 
and 50 mL volume is filled with SFS followed by thorough mixing. Low spiking solution is 23.4 ng/mL (64.9 nmol/L). 
High spiking solution is 234 ng/mL (649 nmol/L). Final concentrations of calibrators are provided in the two most 
commonly employed units: ng/dL and pmol/L. To convert ng/dL to pmol/L, multiply by 27.74

J. Grace Van Der Gugten and Daniel T. Holmes
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	 1.	Biotage ISOLUTE® SLE+ 400 μL plates (Biotage, Charlotte, 
NC).

	 2.	Vacuum manifold or positive pressure manifold, installed in 
robotic pipettor or manually controlled.

	 3.	Costar™ 96 well Assay Blocks, V-bottom, 2  mL (Corning 
Incorporated, Corning N (see Note 2)).

	 4.	MicroMat TFE/Silicone 96-well pre-slit square sealing mats 
(SUN-SRi, Rockwood, TN).

	 5.	API-5000 or API-5500 QTRAP® triple quadrupole mass 
spectrometer (AB SCIEX, Concord, ON) or other mass 
spectrometer capable of reaching the required limit of detec-
tion, equipped with appropriate software (e.g. Analyst®).

	 6.	Shimadzu 20AC LC System with pumps, column oven, 
degasser, autosampler, or equivalent system (Kyoto, Japan).

	 7.	Analytical column: Gemini NX-C18 3 μm 110 Å 100 mm × 2.0 mm 
(Phenomenex, Torrance) with a SecurityGuard™ C18 guard 
cartridge for columns with 2.0–3.0  mm internal diameters 
(Phenomenex, Torrance, CA).

3  Methods

	 1.	Thaw calibrators, patient pool, and patient samples. Allow an 
IS tube come to room temperature.

	 2.	Centrifuge the calibrators, patient pool, and patient samples 
for 5 min at 2100 × g.

	 3.	Add 10 mL of 1:1 methanol:water to the IS tube. Vortex mix 
for 45 s.

	 4.	Add 50 μL of 0.04 μg/mL d7-aldosterone IS prepared in step 3 
to the appropriate number of wells in a Costar™ 96-well plate.

	 5.	Add 250 μL of calibrators, controls, and serum patient samples 
to the wells containing IS.

	 6.	Mix plate for 20 s at medium speed.
	 7.	Place a new Costar™ 96-well plate in the collection position in 

the vacuum manifold (see Note 3).
	 8.	Place SLE + 400 μL plate on vacuum manifold (see Note 4).
	 9.	Add entire sample and IS (total 300  μL) to wells of SLE+ 

400 μL plate.
	10.	Apply a short (5–10 s) burst of vacuum to apply sample to SLE 

sorbent.
	11.	Wait for 5 min.
	12.	Add 900 μL of MtBE to all samples in appropriately ventilated 

conditions (fume hood or liquid handler under negative 
pressure).

2.5  Analytical 
Equipment 
and Supplies

3.1  Stepwise 
Procedure

Quantitation of Aldosterone in Serum or Plasma Using Liquid…
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	13.	Apply short burst of vacuum.
	14.	Wait for 5 min.
	15.	Apply vacuum for 1–2 min to elute MtBE.
	16.	Add an additional 900 μL of MtBE to all sample wells.
	17.	Apply a short burst of vacuum.
	18.	Wait for 5 min.
	19.	Apply vacuum for 1–2 min to elute MtBE.
	20.	Remove collection plate, and evaporate to dryness at room 

temperature in a fume hood.
	21.	Reconstitute samples with 125 μL of 20:80 methanol:water 

with 2 mM ammonium acetate.
	22.	Place sealing mat on 96-well plate and seal each well manually. 

Use of a small rolling pin as a final sealing step is recommended.
	23.	Vortex the sealed plate for 1 min.
	24.	Inject 50 μL of sample onto LC-MS/MS. Sample chromato-

grams for LC-MS/MS ion chromatograms for aldosterone 
and IS are shown in Fig. 1 (see Notes 5 and 6).

XIC of -MRM (6 pairs): 359.200/189.000 Da ID: Aldo 1 from Sample 27 (E2510091888) of 131113.wiff (Turbo Spray) Max. 5195.0 cps.
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XIC of -MRM (6 pairs): 366.200/338.300 Da ID: Aldo d7 from Sample 27 (E2510091888) of 131113.wiff (Turbo Spray) Max. 6.6e4 cps.
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Fig. 1 Representative chromatograms of the aldosterone quantifying multiple reaction monitoring (MRM) 
transition (359.2 → 189.0), qualifying MRM transition (359.2 → 331.3), and d7-aldosterone IS MRM transition 
(366.2 → 338.3) for a sample with an aldosterone concentration of 282 pmol/L (10.1 ng/dL). In the LC conditions 
provided, the expected elution time of aldosterone is approximately 6.4 min
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	 1.	HPLC gradient is shown in Table 2 and Fig. 2.
	 2.	Instrument operating parameters are given in Table  3 (see 

Note 7).
	 3.	Data are analyzed using Analyst® Software (AB SCIEX).
	 4.	Standard curves are generated based on linear regression with 

1/x weighting of the analyte/IS peak area ratio (y) versus ana-
lyte concentration (x) using the masses indicated in Table 3. 
Run acceptability is based on Westgard’s QC rules with 

3.2  Analysis

Table 2  
HPLC gradient

Time (min) Mobile phase A (%)

0 80

1 80

5 30

6 30

6.5 10

7.5 10

7.6 80

10 80

Column is maintained at 55 °C in a column oven. Flow rate is 0.35 mL/min

Fig. 2 HPLC gradient

Quantitation of Aldosterone in Serum or Plasma Using Liquid…
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expected means and standard deviations of the QCs set as 
described in Subheading 2.4.

	 5.	An ion ratio limit of 15 % of the quantitation to qualifying ion 
is used to positively identify aldosterone peaks.

4  Notes

	 1.	The IS, d7-aldosterone, is no longer available from IsoSciences 
but remains available from Sigma Aldrich (St. Louis, MO) and 
Toronto Research Chemicals (Toronto, ON). IsoSciences now 
offers d8-aldosterone in both powder form or in solution. 
There is also a d4-aldosterone product from Isosciences which 
places deuterium atoms on completely non-exchangeable 
positions.

	 2.	It should not be assumed that all polypropylene products will 
afford equivalent performance and recoveries. We have found 
the Costar brand of 96 deep square well plates to be com-
pletely satisfactory with respect to aldosterone recovery. Only 
square well plates have been tested.

	 3.	Sample extraction can be done manually using a vacuum mani-
fold or positive pressure manifold which can be obtained by a 
variety of manufacturers and suppliers. However, obtaining a 
robotic liquid handler such as a Hamilton STARlet (Hamilton 
Robotics Inc, Reno, NV) is highly recommended.

Table 3  
Optimized instrument settings for the AB SCIEX API-5500 QTRAP® and API-5000 triple quadrupole 
mass spectrometers in electrospray-negative ion mode

Source parameters
Curtain gas 30 μL/min
Source temperature 600 °C
Gas1 50 μL/min
Gas2 50 μL/min
CAD Gas Medium/5*
IonSpray voltage −4500 V
Entrance potential −10 V

Compound-dependent parameters
Compound name Q1 Mass 

(amu)
Q3 Mass 

(amu)
Declustering 

potential (V)
Collision energy 

(V)
Cell exit 

potential (V)
Aldosterone—quantifier 359.2 189.0 −80 −26 −10

Aldosterone—qualifier 359.2 331.3 −65/−80* −18 −22

d7-Aldosterone IS 366.2 338.3 −80 −20 −22

All parameters are identical for both instruments except those marked (*), which are specific to the API-5000. Tune 
settings may vary between instruments

J. Grace Van Der Gugten and Daniel T. Holmes
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	 4.	This assay can be modified to extract the aldosterone from 
serum using liquid–liquid extraction (LLE) as an alternative to 
SLE. The SLE technique uses the same principle as LLE.

	 5.	This assay can also be adapted to analyze aldosterone in urine 
samples. Sample must be subjected to acid hydrolysis with the 
addition of 30 μL of 3.2 M HCl to 300 μL of urine. Incubate 
for 24 h at room temperature. Dilute 40 μL of hydrolysate in 
760 μL SFS or buffer and treat mixture as a serum specimen to 
obtain a raw aldosterone concentration. Twenty-four hour uri-
nary aldosterone excretion in nmol/d = (Raw Aldosterone 
Concentration in pmol/L) × 22 × V24 ÷ 1000, where V24 is the 
24  h urine volume. To convert aldosterone excretion in 
nmol/d to μg/d, multiply by 0.36.

	 6.	The analysis of adrenal venous samples (AVS) will frequently 
require samples to be run neat and at an appropriate dilution. 
AVS aldosterone concentrations may range from approxi-
mately 103–106  pmol/L (40–40,000  ng/dL) depending on 
whether intravenous cosyntropin stimulation is used. We have 
found that analysis of neat samples along with concomitant 
analysis of a 50-fold dilution is adequate for reporting the 
majority of AVS aldosterone (and cortisol) results. Water can 
be used as the AVS diluent without fear of matrix effects 
because clinical decisions are based on relative aldosterone 
concentrations from the left and right.

	 7.	Additional steroids can be added to this assay. In our lab, we 
have added cortisol to this assay in order to more efficiently 
deal with adrenal venous sampling collections. Although corti-
sol analysis is usually performed in ESI-positive mode for opti-
mal analytical sensitivity, because of its relatively high 
concentration, it can be easily measured in negative ESI and 
included in the same aldosterone run. The elution time of cor-
tisol in the HPLC conditions presented here is approximately 
0.4  min after aldosterone. Monitored MRM transitions for 
cortisol are 361.3 → 282.1 (quantifier) and 361.3 → 297.0 
(qualifier) with 365.3 → 127.8 for the d4-cortisol IS.
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    Chapter 6   

 Quantifi cation of Five Clinically Important Amino Acids 
by HPLC-Triple TOF™ 5600 Based on Pre-column Double 
Derivatization Method       

     Shuang     Deng    ,     David     Scott    , and     Uttam     Garg       

  Abstract 

   Phenylalanine, tyrosine, glycine, cystine, and phosphoethanolamine are commonly measured amino acids 
in various physiological fl uids to diagnose or follow-up various inborn errors of metabolism. The gold 
standard method for the amino acids quantitation has been ion exchange chromatography with ninhydrin 
post-column derivatization. However, this method is very laborious and time consuming. In recent years, 
liquid-chromatography mass spectrometry is being increasingly used for the assay of amino acids. 
Pre- column butyl derivatization with reverse phase chromatography has been widely used for mass spec-
trometry analysis of amino acids. Phosphoethanolamine is not butylated and cannot be measured by this 
method. Nevertheless, phosphoethanolamine can be dansyl-derivatized using dansyl chloride. We devel-
oped a double derivatization method by using butanol and dansyl chloride to derivatize carboxylic and 
amino groups separately, and then combining the derivatives to simultaneously measure these fi ve amino 
acids using TOF-MS scan. Stable isotope-labeled internal standards were used.  

  Key words      Phenylalanine    ,    Tyrosine    ,    Cystine    ,    Glycine    ,    Phosphoethanolamine    ,    Butylation    ,    Dansylation    , 
   HPLC-TOF-MS    

1      Introduction 

 Clinically relevant amino acids are measured in physiological fl uids 
to diagnose inborn errors of metabolism. It is common that full 
amino acid profi le of >30 amino acids is performed in the initial 
diagnosis of amino acid disorders. Once an amino acid disorder is 
diagnosed and confi rmed, the follow-up is generally done by mea-
suring only relevant amino acid(s). Commonly, measured amino 
acids are  phenylalanine  ,  tyrosine  ,  glycine  ,  cystine  , and  phospho-
ethanolamine   (PEA).  Phenylalanine   and tyrosine are measured for 
the diagnosis and follow-up of patients with  phenylketonuria   
( PKU  ), the disease if untreated can cause mental retardation [ 1 ,  2 ]. 
 Cystine   is measured in the diagnosis and follow-up of cystinuria, 
a kidney stone-forming disorder [ 2 ,  3 ]. The increase of  glycine 
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concentration in  plasma   and cerebrospinal  fl uid   (CSF) is the 
indicator of non-ketotic hyperglycinemia (NKH), a  seizure   disor-
der [ 4 ]. Urinary  phosphoethanolamine   (PEA) is widely used in the 
diagnosis of hypophosphatasia, a metabolic disorder that affects 
bones [ 5 ,  6 ]. 

 The gold standard method for amino acid analysis has been ion 
exchange chromatography with ninhydrin post-column  derivatiza-
tion  . However, this method is cumbersome and time consuming. 
In recent years, the reverse phase  HPLC  -mass  spectrometry   meth-
ods combined with pre-column derivatization have been used for 
the quantitation of amino acids [ 7 – 10 ].  Butylation   is the most com-
monly used method for derivatization of amino acids. However, 
some amino acids including  phosphoethanolamine   and taurine are 
refractory to  butylation   due to lack of α-carboxylic acid group. 
These amino acids can be dansyl-derivatized at α-amino group 
using dansyl chloride. Here, we describe a double derivatization 
method. Butanol and dansyl chloride were selected to derivatize 
carboxylic and amino groups respectively. The analysis was per-
formed using TOF-MS scan.  

2    Materials 

       1.     Plasma  /Serum: Separated from 2 mL of blood in a mint green 
(heparin) or plain no-gel tube.   

   2.    Urine: 3 mL random urine.   
   3.    CSF: 1 mL CSF, non-traumatic tap.      

       1.    Mobile phase A (2 mM ammonium formate, 0.1 % formic acid 
in  HPLC   water).   

   2.    Mobile phase B: Acetonitrile.   
   3.    Dansyl chloride (Sigma).   
   4.    3 N HCl in butanol (Regisil).   
   5.    Sodium bicarbonate (Sigma).   
   6.    1 mg/mL of dansyl chloride in acetone.      

       1.    Stock internal standard mixture (NSK-A from Cambridge 
Isotope Laboratories): Dissolve in 1 mL H 2 O. It provides con-
centration of 500 μM for  L -Alanine (2,3,3,3-D 4 ),  L -Phenylala-
nine (ring- 13 C 6 ),  L -Leucine (5,5,5-D 3 ),  L -Valine (D 8 ).  L -Arginine 
(4,4,5,5,-D 4 ),  L -Citrulline (5,5-D 2 ),  L - Tyrosine   (ring-13C 6 ), 
 L -Ornithine (5,5-D 2 ),  L -Methionine (methyl-D 3 ), DL- 
Glutamate (2,4,4-D 3 ),  L -Aspartate (2,3,3-D 3 ), and 2500 μM for 
 L - Glycine   (2- 13 C,  15 N).   

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Internal 
Standards 
and Standards

Shuang Deng et al.
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   2.    Working internal standard mixture: Dilute stock internal 
standards mixture 100 times in methanol.   

   3.    1 mM  Cystine  -D 4  internal standard (Cambridge Isotope 
Laboratories): Prepare in 0.1 N HCl.   

   4.    Stock amino acid standards in 0.1 N HCl (#1700-0180, 
Pickering Laboratories).   

   5.    Prepare calibrators at concentrations given in Table  1  using 
lithium diluent (Pickering Laboratories).

       6.    Quality controls: Mix 6.5 mL of amino acid standards (500 μM, 
Sigma) and 500 μL of 10 mM in 0.1 N HCl  phosphoethanol-
amine   (Sigma). This provides concentrations of 464 μM for 
Phe, Tyr, Gly and Cys, and 357 μM for PEA (QC 3). Dilute 
QC3 to make QC 1 and QC 2 (Table  2 ) ( see   Note 1 ).

              1.    Triple TOF™5600 (AB Sciex).   
   2.    Acuity  UPLC   (Waters).   
   3.    Analytical Column: Kinetex C18, 100 × 3 mm, 2.6 μm 

(Phenomenex).       

2.4  Analytical 
Equipment 
and Supplies

   Table 1  
  Preparation of calibrators   

 Calibrator  Cys (μM)  Phe, Tyr, Gly, PEA (μM) 

 Blank  0  0 

 Cal 1  15.6  31.2 

 Cal 2  31.2  62.5 

 Cal 3  62.5  125 

 Cal 4  125  250 

 Cal 5  250  500 

 Cal 6  500  1000 

 Cal 7  1250  2500 

   Table 2  
  Preparation of quality controls   

 Quality control  PEA (μM)  Phe, Tyr, Gly, Cys (μM) 

 QC 1  89.3  58 

 QC 2  178.5  116 

 QC 3  357  464 

Quantifi cation of Five Clinically Important Amino Acids by HPLC-Triple TOF™…
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3    Methods 

       1.    Pipette 50 μL calibrators, sample or control to 1.5 mL micro-
centrifuge tubes.   

   2.    Pipette 450 μL of working internal standard mixture and 
20 μL  cystine  -D 4  internal standard.   

   3.    Vortex tubes for 1 min and let stand for 5 min.   
   4.    Centrifuge the tubes for 10 min at 12,000 ×  g .   
   5.    Transfer 200 μL of supernatant to two separate disposable 

glass tubes (Tubes A and B).   
   6.    Evaporate to dryness under a stream of nitrogen at 45 °C 

( see   Note 2 ).   
   7.    Add 100 μL of 3 N HCl in butanol to one disposable tube for 

 butylation   (Tube A).   
   8.    Add 50 μL of 0.1 M NaHCO 3  (Tube B).   
   9.    Add 50 μL dansyl chloride solution (Tube B).   
   10.    Incubate both tubes A and B in dry block for 20 min at 

60 °C.   
   11.    Evaporate to dryness under a stream of nitrogen at 45 °C 

( see   Note 3 ).   
   12.    Reconstitute the residues in 500 μL mobile phase A, and 

vortex.   
   13.    Combine the contents of tubes A and B, and vortex the 

mixture.   
   14.    Transfer the mixture to autosampler vials, and inject 10 μL.      

   See Tables  3  and  4  for  HPLC   and mass spectrometer conditions.

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

   Table 3  
   HPLC   gradient and parameters   

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

 0  98  2 

 15  60  40 

 15.1   0  100 

 18.5   0  100 

 18.6  98  2 

 22  98  2 

  Column temperature: 50 °C. Flow rate: 0.5 mL/min  

Shuang Deng et al.
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           1.    TOF-MS is used in positive ion electrospray ionization mode. 
Data are collected using Analyst TF 1.6 software and quantifi ed 
using MultiQuant software version 3.0 (AB Sciex).   

   2.    Standard curves are generated based on linear regression of the 
analyte/IS peak area ratio ( y ) versus analyte concentration ( x ) 
using the quantifying ions listed in Table  5  ( see   Notes 4  and  5 ).

       3.    Typical TOF-MS ion-extraction chromatograms are shown in 
Fig.  1 .

       4.    Typical calibration curve has a correlation (r 2 ) > 0.99.   
   5.    Quality control samples are evaluated with each run. The 

acceptable results are within +/− 20 % of target values.       

4    Notes 

     1.    Calibrators and quality controls are prepared separately.   
   2.    Drying time is ~5 min. May vary with nitrogen fl ow rate and 

type of equipment.   

3.3  Data Analysis

   Table 4  
  TOF-MS parameters   

 Ion source gas 1 (GS1)  50 psi 

 Ion source gas 2 (GS2)  50 psi 

 Curtain gas (CUR)  30 psi 

 Temperature (TEM)  550 °C 

 Ion spray voltage fl oating (ISVF)  5500 V 

   Table 5  
  Compound specifi c parameters   

 Amino acid 
  Butylation   
( m / z ) 

  Dansylation   
( m / z )  DP (v)  CE (eV) 

  Cystine    297.09373  –  20  10 
 Cystine-   D 4   301.11883  – 
  Glycine    132.10191  – 
  Glycine   (2- 13 C,  15  N)  134.10230  – 
  Phenylalanine    222.14886  – 
  Phenylalanine   (ring- 13 C 6 )  228.16898  – 
  Tyrosine    238.14377  – 
  Tyrosine   (ring-13C 6 )  244.16390  – 
  Phosphoethanolamine    –  375.07742 
 Aspartate (2,3,3,-D 3 )  –  370.11467 

Quantifi cation of Five Clinically Important Amino Acids by HPLC-Triple TOF™…
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  Fig. 1    TOF-MS ion chromatograms for various amino acids.  Cystine  ,  glycine  ,  tyrosine  , and  phenylalanine   were 
measured using  butylation  .  Phosphoethanolamine   was measured using  dansylation         
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   3.    Drying time is ~15 min. May vary with nitrogen fl ow rate and 
type of equipment.   

   4.    Accuracy of the method was evaluated by comparing the 
method with ninhydrin  HPLC   amino acid analyzer. The results 
were within +/− 10 %.   

   5.    Internal standard for PEA was Asp-D3 since labeled PEA was 
not available.         
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    Chapter 7   

 Sensitive, Simple, and Robust Nano-Liquid 
Chromatography-Mass Spectrometry Method 
for Amyloid Protein Subtyping       

     Drew     Payto    ,     Courtney     Heideloff    , and     Sihe     Wang       

  Abstract 

   Amyloidosis is a rare condition characterized by deposits of insoluble proteins in the form of β-pleated 
sheets. These deposits interfere with the normal structure and function of varying tissues. Thirty-one amy-
loid proteins have been identifi ed, and the correct identifi cation is critical due to the varying treatments. 
Immunohistochemistry, the most routine method for identifi cation of amyloid proteins, suffers from limi-
tations. Mass spectrometry (MS)-based methods offer better sensitivity and specifi city. We describe here a 
sensitive, simple, and robust MS-based method for the identifi cation of amyloid proteins. Amyloid depos-
its are excised from formalin-fi xed tissue by laser microdissection and is put through protein extraction 
followed by trypsin digestion. The resulting peptides are separated by nano-liquid chromatography and 
analyzed by high-resolution Orbitrap mass spectrometry. The mass spectrometry data are then searched 
against a human protein database for identifi cation and semi-quantifi cation.  

  Key words      Amyloidosis    ,    Amyloidogenic protein    ,    β-pleated sheets    ,    Orbitrap mass spectrometry    , 
  Immunohistochemistry  

1      Introduction 

  Amyloidosis   is a group of rare diseases caused by extracellular 
protein misfolding, which generates insoluble protein deposits in the 
form of  β-pleated sheets   [ 1 ]. The fi brils generally exhibit a cross-β 
diffraction pattern. These fi brils bind to Congo red dye and when 
viewed by polarization microscopy they exhibit green, yellow, or 
orange birefringence color [ 2 ]. As of 2014, there are 31 known 
 amyloidogenic protein  s identifi ed, with the most common being 
immunoglobulin lambda and kappa light chains, transthyretin, and 
serum amyloid A (SAA) which account for >90 % of the cases [ 3 ,  4 ]. 
 Amyloidogenic protein   s   can present in various organs including 
but not limited to heart, liver, kidney, lung, central nervous sys-
tem, skin, and cornea [ 3 ]. Amyloid deposits’ clinical presentation 
can be very diverse ranging from asymptomatic to multiorgan 
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failure. Amyloid deposits can also be localized or systemic [ 5 ]. 
Treatments are available for many types of  amyloidosis  , however 
these treatments are type-specifi c ranging from high-dose chemo-
therapy to liver transplantation [ 5 ]. Due to the radically diverse 
and aggressive nature of these treatment options, accurate subtyp-
ing of amyloidosis is essential [ 6 ]. 

 In clinical practice, amyloid identifi cation is a two-step approach. 
The fi rst step is to determine the presence of amyloid deposits. 
Congo red staining is considered the gold standard approach for 
identifying amyloid [ 5 ]. Once the presence of amyloid has been con-
fi rmed, subtyping must be performed to identify the  amyloidogenic 
protein  . The most routine method for this identifi cation is immuno-
histochemistry staining of formalin-fi xed and paraffi n-embedded 
(FFPE) tissue, however this method is prone to limitations. One 
limitation is that wild-type antibodies may not cross-react with same 
protein in the amyloid deposit. A second limitation is the antibody 
availability. Due to these factors as many as 30 % of cases cannot be 
identifi ed by immunohistochemistry [ 7 – 9 ]. Several  mass spectrom-
etry   (MS) methods have been developed for the direct analysis of 
amyloid protein from FFPE tissue. MS methods have shown to 
have superior sensitivity and specifi city to immunohistochemistry 
methods [ 10 ]. The following chapter describes a sensitive, simple, 
and robust proteomic method for amyloid subtyping that has been 
validated for clinical use.  

2    Materials 

   Formalin-fi xed and paraffi n-embedded tissue (FFPE) is laser- 
microdissected and the excised tissue is transferred to 0.5 mL 
Eppendorf tubes. Microdissected samples are stored at −70 °C until 
analysis. FFPE samples are stable indefi nitely at −20 and −70 °C.  

       1.    0.5 M Tris base: Weigh out 6.057 g of Tris and add to beaker 
containing 90 mL of clinical laboratory reagent water 
(CLRW). Put a mixer and stir solution. Adjust pH to 7.8 
using concentrated HCl. Quantitatively transfer contents to 
100 mL volumetric fl ask. Bring to 100 mL water. Stable for 
1 year at 2–8 °C.   

   2.    0.1 M EDTA: Weigh out 2.9224 g of EDTA and place into a 
100 mL class A volumetric fl ask. Bring to 100 mL with CLRW. 
Stable for 1 year at 2–8 °C.   

   3.    Digestion Buffer (10 mM Tris/1 mM EDTA/0.002 % 
Zwittergent 3-16, pH 7.5–8.5): Pipette 1 mL of 0.5 M Tris 
base into 50 mL class A volumetric fl ask. Pipette 0.5 mL of 
0.1 M EDTA into same class A volumetric. Add 10 mg of 
Zwittergent 3-16 to class A volumetric fl ask. Bring to 50 mL 

2.1  Samples

2.2  Solvents 
and Reagents

Drew Payto et al.
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with CLRW. Use HCl or KOH to pH solution between 7.8 
and 8.0 if needed. Aliquot into 1.5 mL Eppendorf tubes. 
Stable for 5 years at −70 °C.   

   4.    Trypsin Buffer (50 mM Acetic Acid, pH 3): Add 30 μL of gla-
cial acetic acid to 10 mL class A volumetric fl ask. Bring to 
10 mL with CLRW. Aliquot into glass Tefl on lined screw top 
vials. Discard after use.   

   5.    20 μg/mL trypsin solution: Add 1 mL of trypsin buffer to 
20 μg of trypsin. Mix vial well. Stable for 1 year at −70 °C.   

   6.    2.5 % Formic Acid/5 % ACN/92.5 % CLRW: Pipette 2.5 mL 
of formic acid and 5 mL of acetonitrile (ACN) into 100 mL 
class A volumetric fl ask. Bring to 100 mL with CLRW. Stable 
for 6 months at room temperature.   

   7.    50 mM Dithiothreitol (DTT): Weigh out 3.8 mg of DTT into 
1.5 mL Eppendorf tube. Add 0.5 mL of 2.5 % Formic 
Acid/5 % ACN/92.5 % CLRW and vortex. Discard this solution 
after use.   

   8.    Mobile Phase A (0.2 % Formic Acid in H 2 O): Add 25 mL of 
Fisher Optima grade H 2 O to mobile phase bottle. Pipette 
50 μL of formic acid into bottle. Stable for 6 months at room 
temperature.   

   9.    Mobile Phase B (0.2 % Formic Acid in Acetonitrile): Add 
25 mL of acetonitrile to mobile phase bottle. Pipette 50 μL of 
formic acid into bottle. Stable for 6 months at room 
temperature.      

   A digested HSA solution (testmix) is prepared to test the instru-
ment analytical performance before analyzing patient samples.  

       1.    Each patient batch is bracketed with two extracted patient 
samples from the previous batch with known diagnosis. 
Consistent identifi cation of the same amyloid proteins indicates 
acceptable quality for the current batch.   

   2.    The presence of common endogenous amyloid proteins (serum 
amyloid P, apolipoprotein E, apolipoprotein A-I, and apolipo-
protein A-IV) in each sample is used as internal control for the 
analytical processes including protein extraction, trypsin diges-
tion, and nano- LC-MS/MS  .      

       1.    Thermo Fisher Scientifi c Easy-nLC 1000  HPLC  .   
   2.    Thermo Fisher Scientifi c Q-Exactive mass spectrometer.   
   3.    Easy-Spray Column PepMap, C18, 3 μm, 100 Å (75 μm × 15 cm).   
   4.    Dionex Acclaim PepMap100, C18, 3 μm, 100 Å (75 μm × 2 cm).   

2.3  Injection 
Standards (Human 
Serum Albumin, HSA 
Digest)

2.4  Controls

2.5  Analytical 
Equipment 
and Supplies
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   5.    Zip Tip with 0.2 μL C18 resin.   
   6.    Thermo Fisher Scientifi c Easy-nLC 1000  HPLC   parameters 

include
   (a)    Mobile phase A: CLWR + 0.2 % formic acid.   
  (b)    Mobile phase B: acetonitrile + 0.2 % formic acid.   
  (c)    Flow Rate: 2000 nL/min.   
  (d)    Gradient: 2–40 % B in 20 min and then 40–90 % B in 

5 min.   
  (e)    Injection volume: 10 μL.    

      7.    Q-Exactive (Thermo Fisher Scientifi c) mass spectrometer 
settings include:
   (a)    Spray voltage: 2000 V.   
  (b)    Ion Polarity: Positive.   
  (c)    Sheath Gas Pressure: 2 units.   
  (d)    Ion Sweep: 0.0.   
  (e)    Aux Gas Pressure: 0 units.   
  (f)    Capillary Temperature: 250 °C.   
  (g)    Skimmer Offset: 0 units.   
  (h)    Collision Pressure: 1.5 units.   
  (i)    Collision Energy: 25 eV ± 10 %.       

   8.    MS parameters include:
   (a)    Full scan resolution: 35,000.   
  (b)    MS/MS scan resolution: 17,500.   
  (c)    Number of MS/MS scan per cycle: 10.   
  (d)    Normalized Collision Energy: 25.   
  (e)    Dynamic exclusion window: 12 s.           

3    Methods 

       1.    Turn on heating block to 99 °C.   
   2.    Put the 0.5 mL Eppendorf sample tube in a 1.5 mL Eppendorf 

tube adaptor.   
   3.    Centrifuge samples for 1 min at 15,500 ×  g .   
   4.    Thaw Digestion Buffer on the heating block, and then invert 

tube to mix.   
   5.    Add 50 μL Digestion Buffer to each tube.   
   6.    Remove tube from holder and incubate at 99 °C for 30 min.   
   7.    Remove tubes from heating block and fl ick tubes to remove 

condensation from cap.   

3.1  Stepwise 
Procedure ( See   Note 1 )

Drew Payto et al.
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   8.    Sonicate samples for 5 min ( see   Note 2 ).   
   9.    Repeat  steps 7 – 9  two more times.   
   10.    Put the 0.5 mL Eppendorf sample tube into a 1.5 mL 

Eppendorf tube adaptor.   
   11.    Centrifuge samples for 1 min at 15,500 ×  g .   
   12.    Add 1.2 μL of 20 μg/mL trypsin solution to each sample by 

inserting tip of pipette into sample solution, and then dispense 
trypsin.   

   13.    Incubate at 37 °C for 18–24 h.   
   14.    Make a fresh solution of DTT buffer 50 mM dithiothreitol 

(DTT) in 2.5 % formic acid/5 % ACN/92.5 %water.   
   15.    Add 5 μL of DTT solution (made in  step 14 ) to each sample 

by inserting tip of pipette tip into sample solution, then 
 dispense DTT.   

   16.    For each sample, condition a new Zip Tip three times with 
10 μL of mobile phase B, then 10 μL 1:1 mix of mobile phases 
A:B, and then three times with 10 μL of mobile phase A.   

   17.    Draw up and dispense 10 μL of the digested sample using the 
conditioned Zip Tip for a total of 50 cycles.   

   18.    Wash the Zip Tip with 3 × 10 μL of mobile phase A.   
   19.    Add 5 μL of 1:1 mix of mobile phases A and B into an  HPLC   

vial.   
   20.    Wash the Zip Tip with the above 5 μL 1:1 mix of mobile phases 

A:B by pumping up and down seven times.   
   21.    Dilute the eluate with 50 μL of mobile phase A.   
   22.    Transfer supernatant to  HPLC   vials.   
   23.    Place injection vials in autosampler.   
   24.    Inject 4 μL of injection  albumin   digest (test mix) to perform 

instrument validation.   
   25.    Inject 10 μL of samples.      

       1.    The resulting MS raw data are searched against human IPI 
database using the  Protein   Discoverer software (Version 1.3, 
ThermoFisher Scientifi c).   

   2.    For database search using SEQUEST, search criteria include a 
mass tolerance window is set at 10 ppm for the precursors and 
0.05 Da for the fragments.   

   3.    For database search using SEQUEST, oxidation of methionine 
and  methylation   of lysine are used as variable modifi cations.   

   4.    All positively identifi ed  proteins   are sorted by the number of 
matched MS/MS spectra, and used in the fi nal reviewing 
process along with imaging data and clinical presentation.       

3.2  Analysis

Sensitive, Simple, and Robust Nano-Liquid Chromatography-Mass Spectrometry…
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4    Notes 

     1.    Minimize opening and closing sample tubes throughout the 
process to avoid keratin contamination.   

   2.    Sonication lasting >5 min might damage the tubes.         
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Chapter 8

Quantitation of Ubiquinone (Coenzyme Q10)  
in Serum/Plasma Using Liquid Chromatography 
Electrospray Tandem Mass Spectrometry (ESI-LC-MS/MS)

Richard E. Mathieu Jr. and Catherine P. Riley

Abstract

Dietary ubiquinone (Coenzyme Q10) is considered an essential co-factor in the mitochondrial respiratory 
chain responsible for oxidative phosphorylation. This oil-soluble vitamin-like substance is mobile in 
cellular membranes and plays a unique role in the electron transport chain (ETC). Coenzyme Q10 (CoQ10) 
is present in most eukaryotic cells and functions as an electron carrier and an antioxidant. Although the 
exact role of Coenzyme Q10 is often debated; there is a growing interest in the measurement of CoQ10 
concentrations particularly in the area of cardiovascular disease, malignancies, exercise physiology, 
Parkinson’s disease, and patients undergoing statin drug therapies. We describe a simple method for the 
quantitative measurement of the ammonium adduct of Coenzyme Q10 using a high-pressure liquid chro-
matography combined with positive electrospray ionization tandem mass spectroscopy (ESI-LC-MS/MS) 
utilizing a 3 μm PFP(2) 50 × 2.0 mm 100 Å column. A stable isotopic deuterated internal standard, in the 
form of Coenzyme Q10-[D9], is added to the patient serum. The extraneous proteins are precipitated from 
the sample with ethanol and isolation of the targeted compound is facilitated by the addition of hexane to 
aide in the cleanup and recovery. Quantitation occurs via a 6-point calibration that is linear from 0.16 to 
6.0 μg with an observed error of 6.2 % across the analytical range.

Key words Coenzyme Q10, Ubiquinone, Mass spectroscopy, LC-MS/MS

1  Introduction

Coenzyme Q10 or ubiquinone is a lipophilic molecule present in all 
tissues and cells. It is located mainly in the inner mitochondrial 
membrane and is an essential component in the mitochondrial 
respiratory chain [1–4]. Coenzyme Q10 is responsible for oxidative 
phosphorylation, functions as an electron carrier, and serves as a 
potent antioxidant. It is an essential component of the electron 
transport chain and participates in aerobic cellular respiration, 
generating energy in the form of ATP [3].

The measurement of Coenzyme Q10 concentrations have been 
primarily performed utilizing high-pressure liquid chromatography 
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(HPLC) combined with florescence or electrochemical detection. 
The HPLC methodology can lend itself to extended run times, 
large sample volumes, subjective interpretations, and in adequate 
sensitivities.

Mindful of the numerous unique features and the idiosyncratic 
nature of the CoQ10 molecule, we set out to improve the detection 
of this molecule utilizing positive electrospray ionization tandem 
mass spectroscopy (ESI-LC-MS/MS). Our aim was to improve 
the sensitivity and to simplify the extraction process to create a 
robust method suitable for the routine analysis of Coenzyme Q10 
from serum or plasma samples. Due to the instability and ease of 
degradation of the Coenzyme Q10 molecule, the concentration of 
the calibration material was confirmed by measuring the absorp-
tion using a UV spectrophotometer and the respective extraction 
coefficient to verify the integrity of the material [5]. Six levels of 
calibration are prepared by serial dilution in ethanol. A stable iso-
topic deuterated internal standard, in the form of Coenzyme 
Q10-[D9], is added to 200 μL of patient serum and the proteins are 
precipitated using ethanol and mixed by vortexing, followed by the 
addition of n-hexane to facilitate the separation of the CoQ10 from 
the precipitated proteins and the aqueous-ethanolic layer into the 
upper organic layer. The resuspended extraction is injected across 
a 3 μm PFP(2) 50 × 2.0 mm 100 Å column using 2 mM Ammonium 
acetate mobile phase [6, 7].

2  Materials

Serum or plasma (EDTA or heparinized). Protect from light 
following collection, storage, and shipment. Separate plasma or 
serum from cells within 1 h of collection. Samples are stable for 
1 week refrigerated and 1 month when frozen at −20 °C.

	 1.	Ethanol, 200 proof, Molecular Biology Grade 99.5  % (see 
Note 1).

	 2.	Butylated hydoxyanisole (BHA) >98 %.
	 3.	1 M ammonium acetate solution: Prepare in deionized water.
	 4.	3 % Bovine Albumin: Prepare in 0.1 M phosphate buffer in 

0.9 % sodium chloride.
	 5.	Mobile Phase A (2.0 mM ammonium acetate): In a 1.0 L flask 

add 2.0 of 1  M ammonium acetate to 650  mL of LC/MS 
grade methanol. Bring the volume up by adding deionized 
water.

	 6.	Mobile Phase B (2.0 mM ammonium acetate): In a 1.0 L flask 
add 2.0 mL of 1 M Ammonium acetate to 630 mL of LC/MS 
grade methanol. Bring the volume to 1.0 L by adding HPLC 
Grade 2-propanol.

2.1  Samples

2.2  Solvents 
and Reagents
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	 1.	Coenzyme Q10, (Ubiquinone): Purity ≥98 % (HPLC Grade, 
Sigma-Aldrich).

	 2.	Coenzyme Q10 intermediate standard calibration material 
(50.0  μg/mL): Carefully weigh out 10.0  mg and add to 
50.0 mL of HPLC Grade Hexane, swirl to mix. Add 150.0 mL 
of preserved reagent grade ethanol.

	 3.	Coenzyme Q10 working standard calibration material (6.0 μg/
mL): The volume of Intermediate Standard is determined 
based on the spectrophotometric measurement of the interme-
diate standard and the extraction coefficient. The final volume 
of prepared working standard is 10.0 mL of preserved reagent 
grade ethanol.

	 4.	Internal Standard, Coenzyme Q10-[D9] (1 mg/mL): Acquired 
as powder from IsoSciences, King of Prussia, PA. Prepare by 
adding 1.0 mL of HPLC Grade n-Hexane to the vial.
(a)	 Coenzyme Q10 intermediate internal standard (50 μg/mL): 

Add the entire contents of the 1.0 mg/mL vial to 19.0 mL 
of preserved reagent grade ethanol.

(b)	Coenzyme Q10 working internal standard (3.0 μg/mL): 
Add 600  μL of intermediate to 9.4  mL of preserved 
reagent grade ethanol.

	 1.	Calibrators: Label an appropriate number of glass tubes: Cal 1, 
Cal 2, Cal 3, Cal 4, Cal 5, and Cal 6. Add 200 μL of working 
calibration standard solution to Cal 5 and 6. To the tube marked 
Cal 5 add 200 μL of reagent grade ethanol. To the remaining 
tubes (4, 3, 2, and 1) add 667 μL of reagent grade ethanol. Add 
333 μL of working standard calibrator to the tube marked 
Cal 4. Mix by vortexing. Draw 333 μL from the well mixed 
Cal 4 and add to Cal 3, serially dilute to Cal 1 discarding the 
final 333 μL from Cal 1 (see Note 2). Thorough mixing should 
occur between the transfers of the diluted calibrators prior to the 
transfer. Transfer 200 μL of each of the prepared calibrators to a 
respective clean tube; calibrators are to be extracted with the run 
(see Table 1).

	 2.	Controls: Chromsystems coenzyme Q10 plasma control Bi-
Level I+II (Chromsystems, GmbH, Gräfelfing, Germany): 
Control material is prepared per the manufacturer’s instruc-
tions; 2.0 mL of deionized water is added to the lyophilized 
material and allowed to stand at least 15  min prior to use. 
A negative control is prepared utilizing 3.0 % bovine albumin.

	 1.	Instrumentation: Applied Biosystems Inc. API 3200 with 
Shimadzu Prominence 20A HPLC system equipped with 
Analyst software version 1.6.1. Operating parameters are 
described in Table 2a, b. Parameters have been optimized spe-
cifically for the API 3200 with Shimadzu 20A Prominence 

2.3  Standards

2.4  Preparation 
of Calibrators 
and Controls

2.5  Equipment 
and Supplies

Quantitation of Ubiquinone (Coenzyme Q10) in Serum/Plasma Using Liquid…
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Table 2  
ESI-LC-MS/MS operating conditions

A. HPLC
Column temp 40 °C
Flow rate 0.80 mL/min
Gradient Step Time (min) Module Event Parameter (%)

1 0.10 Pumps Pump “B” conc 0.0
2 0.50 Pumps Pump “B” conc 25
3 1.00 Pumps Pump “B” conc 60
4 1.10 Pumps Pump “B” conc 60
5 2.00 Pumps Pump “B” conc 80
6 2.10 Pumps Total flow 0.85 mL/min
7 2.10 Pumps Pump “B” conc 80
8 2.80 Pumps Pump “B” conc 100
9 3.50 Pumps Pump “B” conc 100
10 3.70 Pumps Pump “B” conc 0.0
11 5.00 System controller Stop

B. MS/MS settings
Scan MRM
Polarity Positive
Curtain gas 20.0 psi
GS1 30.0 psi
GS2 35.0 psi
NC 3.00
CXP 7.00
EP 10.0
TEMP 400.0
Compound Q1 (m/z) Q3 (m/z) DP CP (eV)
Coenzyme Q10-1 880.7 197.3 50.0 45.0
Coenzyme Q10-2 880.7 237.3 50.0 45.0
Coenzyme Q10-[D9] 889.7 206.3 50.0 45.0

Table 1  
Preparation of the calibrators

Calibrator
Volume of stock 
standard (μL)

Volume of 
ethanol (μL)

Final concentration 
(μg/mL)

Final 
dilution

6 200 – 6.0 –

5 200 200 3.0 1:2

4 333 667 2.0 1:3

3 – 667 0.67 1:3

2 – 667 0.22 1:3

1 – 667 0.07 1:3

Richard E. Mathieu Jr. and Catherine P. Riley
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HPLC System; some variations would be expected as tune 
settings often vary slightly between instruments.

	 2.	Column: Phenomenex LUNA 3  μm PFP(2) 50 × 2.00  mm 
100 Å Column(2).

	 3.	Spectrophotometer: Thermo Scientific Genesys 10S UV–Vis 
Spectrophotometer (275 nm).

3  Methods

Each time new working standard is prepared from the intermediate 
stock material its concentration must be verified. This step is per-
formed to help monitor for signs of potential degradation of the 
intermediate material (see Note 2). Calculate the concentration of 
the working standard as follows:

	 1.	Set the spectrophotometer to a wavelength of 275 nm.
	 2.	Pipette the intermediate standard into three cuvettes and 

obtain an OD reading on each sample (blanking with ethanol). 
Average the three results.

	 3.	Calculate the concentration using the equation:

	
C …g mL

a bAbs/ /( ) = ´e275
410
	

aAbs = average absorbance obtained from the three 
replicates,

bε275 = the molar absorptivity for Coenzyme Q10(162 dL/g/
cm).

	 4.	Calculate the volume required as follows:

	 V V C Cs i i s= ´ / 	

Vs = volume of stock standard used to prepare intermediate 
standard.

Vi = final volume of intermediate standard to be prepared 
(10 mL).

Ci = target concentration of intermediate standard 
(6.0 μg/mL).

Cs = concentration of stock standard (μg/mL).

	 1.	Label an appropriate number of glass tubes in a manner that 
they can be positively identified as unique for the sample or 
material being tested. Place in a rack such that identifiers can 
be seen and matched to the sample ID.

	 2.	Transfer 200 μL of patient sample, control, and calibrator to its 
corresponding tube.

	 3.	Add 20 μL of the Coenzyme Q10 Internal Standard to each 
tube.

3.1  Preparation 
of Standards

3.2  Extraction 
and Analysis 
of Samples
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	 4.	Add 200 μL of reagent grade ethanol to the serum to aid in 
precipitating the proteins from the serum, mix.

	 5.	Add 2.0 mL of hexane to each tube; cap or cover tubes.
	 6.	Following the addition of the hexane vortex samples for 

10–15 min at a moderate speed setting. Insure that the internal 
standard, hexane, and sample are uniformly suspended into the 
solution.

	 7.	Centrifuge the samples at >5000 × g for 10 min to remove the 
precipitated proteins from the sample.

	 8.	Carefully remove the samples from the centrifuge so as not to 
disturb the separated mixture, visually inspect the tubes to 
insure the upper organic layer is free from particles or sus-
pended solids. Place the samples in a rack that allows for good 
air movement.

	 9.	Place the racked samples in a < −65 °C freezer for no less than 
20 min. This step serves to solidify and freeze the aqueous por-
tion of the solution.

	10.	Remove the tubes caps and pour off the supernatant organic 
layer to a clean properly labeled tube; verify that the aqueous 
portion is frozen and remains frozen during the pour off 
(see Note 3).

	11.	Using dry nitrogen remove the organic layer at pressure setting 
of 10–15 psi and a temperature of 23–42 °C for 10–12 min.

	12.	Insure that the tubes are dry and none of the organic solvent 
remains, a residual film may or may not remain, add 100 μL of 
reagent grade ethanol to each tube and vortex each tube 5 s.

	13.	Transfer reconstituted sample from the tube to appropriately 
labeled vials containing 150 μL spring inserts, cap vials. Samples 
are now ready for analysis.

	14.	Load samples on to the ESI-LC-MS/MS and inject 10 μL of 
sample.

	 1.	Instrument settings and operating conditions are provided in 
the materials Subheading 2.5 and Table 2a, b.

	 2.	Data analysis is performed using Multiquant software version 
2.1 (AB Sciex Inc).

	 3.	A unique standard curve (Calibrators 1–6) is extracted and 
generated with each analytical run.

	 4.	Curves are linear via 1/X for the regression calculation and are 
generated based on the analyte/INSTD peak-area ratio using 
the qualifying ions from Table 2b.

	 5.	Acceptability of the calibration is confirmed by satisfying that 
the following conditions are met:

3.3  Calibration 
Acceptability

Richard E. Mathieu Jr. and Catherine P. Riley
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(a)	 Abundance ratios between calibrator and internal standard 
(INSTD) should be within acceptable limits, ±20 %.

(b)	All calibrators must have acceptable chromatography, 
retention time, and pattern.

(c)	 The correlation coefficient (r) for the curves generated 
must be ≥0.99 (see Notes 4–7).

	 1.	The negative control must demonstrate the presence of inter-
nal standard, meet the qualitative criteria, and have a concen-
tration less than 0.16 mg/L.

	 2.	The positive controls must have acceptable chromatography, 
retention time, ion pattern, and ratios.

	 3.	Control values must fall within ±2SD of the target values 
established by the department.

	 4.	Controls must follow accepted Westgard rules.

	 1.	Symmetrical peak shape, no significant peak leading, tailing, or 
splitting.

	 2.	There must be no interfering peaks in extracted ion 
chromatograms.

	 3.	Good separation and peak resolution.
	 4.	The retention time is consistent with the calibrators and qual-

ity control within the run.
	 5.	A typical chromatogram is shown in Fig. 1.

4  Notes

	 1.	Ethanol used in the preparation of stock calibration and internal 
standard material is preserved with a 0.1 % of butylated hydoxy-
anisole (BHA) in an effort to help stabilize the molecule during 
storage of the prepared reagents. Unpreserved reagent grade 
ethanol is used in the preparation of the calibration curve, 
precipitating reagent, and reconstitution solvent.

	 2.	Protect calibration material from light and prolonged exposure 
to ambient temperature.

	 3.	It is critical that the aqueous layer remain frozen during the 
pour. Insure that samples remain frozen during processing and 
if necessary split the batch into manageable portions.

	 4.	Calibrator 1 is processed as an “Unknown” in the Multiquant 
software as a result of this point falling below the limit of detec-
tion (LOD) of this assay.

	 5.	If any one point does not lie on the curve, it can be removed 
and the run reprocessed. If the absence of this point means that 

3.4  Quality Control 
Acceptability

3.5  Specimen 
Acceptability

Quantitation of Ubiquinone (Coenzyme Q10) in Serum/Plasma Using Liquid…
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the curve has a shape dissimilar to that of the generally accepted 
calibration curve, or more than one point appears to be anoma-
lous, then the assay should be repeated. Points dropped from 
the upper or lower end of the run must be evaluated to insure 
that the deletion of that point does not jeopardize the upper or 
lower range of linearity for the analyte. If the technologist has 
any reason to question the integrity of the starting point, it is 
incumbent on them to re-extract the run.

	 6.	Due to the instability resulting in the breakdown of calibration 
material due to prolonged exposure to light and ambient envi-
ronments, it is incumbent to utilize the Multiquant software to 
overlay calibration curves against established reference curves 
to insure the integrity of the calibration material and closely 
monitor QC data for trends or bias in the material indicating 
that a breakdown of the material might be occurring.

	 7.	Interference studies were performed using commonly encoun-
tered sample conditions (hemolysis, lipemia, and icterus), anti-
coagulants (EDTA and Heparin) and other endogenous 
materials (tocopherol, retinol, and phylloquinone); no interfer-
ences were observed. Ion suppression studies were performed 
using a sample infusion method.

100
3.36

Coenzyme Q10-1
880.7-> 197.3 m/z%

0
0.5 1.0 1.5 2.0

Time, min
3.0 4.0 5.04.53.52.5

100 3.36

Coenzyme Q10-2
880.7-> 237.3 m/z%

0
0.5 1.0 1.5 2.0
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100
3.37

Coenzyme Q10-INSTD
889.7-> 206.3 m/z%

0
0.5 1.0 1.5 2.0

Time, min
3.0 4.0 5.04.53.52.5

Fig. 1 Chromatograms for Coenzyme Q10 and INSTD
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    Chapter 9   

 Quantitative Analysis of Salivary Cortisol Using LC-MS/MS       

     Yan     Victoria     Zhang       

  Abstract 

   Cortisol is one of the most important glucocorticoids and plays important roles in regulating human 
metabolism. Midnight salivary cortisol has been shown to correlate well with free cortisol concentration in 
serum and is one of the fi rst tests recommended for the diagnosis of Cushing’s syndrome. 

 The procedure described here involves centrifugation of the saliva samples to remove solids and 
mucus strands before they are diluted with buffer and mixed with deuterated internal standard D4-cortisol. 
The samples are then subjected to reverse phase separation on a C18 column and analyzed by a tandem 
mass spectrometry method (LC-MS/MS). Quantifi cation is achieved by comparing the responses of a 
given sample to the responses of the calibrators of known concentrations. The calibrators are prepared 
and analyzed along with the patient samples. Analytical specifi city is ensured by using multiple reaction 
monitoring with fragment ions that are unique to cortisol and deuterated internal standard.  

  Key words      Saliva    ,    Cortisol    ,   Cushing’s syndrome  ,    Multiple reaction monitoring    ,    Liquid chromatography    , 
   Tandem mass spectrometry    

1      Introduction 

  Cushing’s syndrome   is one of the most common diseases caused by 
overproduction of  cortisol  .  Cortisol  , also known as hydrocorti-
sone, is produced in the cortex (zona fasciculata) of the adrenal 
gland as one of the most important glucocorticoids. It plays very 
important roles in regulating the metabolism of glucose and facili-
tating the metabolisms of carbohydrate, fat, and protein [ 1 – 4 ]. 

  Cortisol   follows a diurnal variation with maximum levels in 
early morning and minimum levels around midnight.  Cushing’s 
syndrome   leads to a loss of the diurnal variation in  cortisol   levels, 
so that patients do not experience a late night decrease in  plasma   
concentrations. 

 Physicians have relied on a number of primary tests for diagno-
sis of  Cushing’s syndrome   [ 5 ]. Overall, levels of free  cortisol   are 
often considered most clinically relevant and are used for the diag-
nosis of Cushing’s syndrome. Among different tests, salivary corti-
sol has gained signifi cant momentum in recent years due to its 
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several unique advantages. To name a few,  saliva   sampling is 
noninvasive, salivary cortisol is relatively stable even at room tem-
perature, and, more importantly, salivary cortisol levels correlate 
well with the free serum cortisol and are not affected by the differ-
ent levels of corticosteroid-binding globulin or saliva fl ow rate 
[ 6 – 8 ]. In addition, salivary cortisol has demonstrated high levels of 
diagnostic capability for  Cushing’s syndrome   with a specifi city of 
93–100 % and a sensitivity of 92–100 % [ 6 ,  7 ,  9 – 13 ]. Late-night 
salivary cortisol was recommended as one of the fi rst-line diagnos-
tic tests for  Cushing’s syndrome   by the Endocrine Society [ 14 ]. 

 Salivary  cortisol   can be measured by various methods. 
Radioimmunoassay (RIA) and enzyme immunoassay are the most 
popular early methods. The high levels of cross-reactivity to other 
steroids and lack of standardization among immunoassays have 
raised a lot of concerns for immunoassay [ 15 ,  16 ]. High 
Performance Liquid Chromatography ( HPLC  ) methods, although 
offer increased specifi city, do not provide enough sensitivity to 
measure steroids at physiological levels. 

 Methods using  liquid chromatography   and tandem mass 
 spectrometry   (LC-MS/ MS  ) have shown the advantages of great 
specifi city and sensitivity for  cortisol   [ 17 – 19 ]. LC-MS/MS meth-
ods have been considered as the reference and the most popular 
technology for measuring salivary cortisol [ 20 – 22 ]. Since  saliva   is 
relatively clean sample matrix, the samples can be either extracted 
fi rst or “dilute and shoot.” Extraction method can process sam-
ples with either off-line solid phase extraction (SPE) or online 
solid phase extraction [ 17 ,  23 ]. A simple “dilute and shoot” 
method may need longer LC separation time to ensure complete 
separation of cortisol from other compounds. We use this proto-
col as the example in this section to describe the analysis of 
cortisol.  

2    Materials 

    Saliva   samples are collected using a Salivette collection device 
(Sarstedt, Nümbrecht, Germany) with a minimum sample volume 
of 0.5 mL ( see   Note 1 ). Samples are stable at room temperature for 
7 days, refrigerated 2 weeks or frozen for 12 months.  

       1.     Cortisol  , 1 mg/mL in methanol (Cerilliant, Round Top, TX).   
   2.    Internal standard: deuterated D4Cortisol −9,11,12,12 (CDN 

Isotopes, Pointe Claire, Quebec, Canada).   
   3.    Mobile Phase A: 0.1 % formic acid in water. 

 Mix 990 mL of Type 1 deionized water with 1.0 mL of formic 
acid in a 1000 mL volumetric fl ask and add water to the fi nal 
volume of 1000 mL. Filter through a 0.45 μm polypropylene 
membrane. Storage: room temperature for 1 month.   

2.1  Samples

2.2  Solvents 
and Reagents

Yan Victoria Zhang
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   4.    Mobile Phase B: 0.1 % formic acid in methanol. 
 Mix 1000 mL of  HPLC   grade methanol with 1.0 mL formic 
acid. Storage: room temperature for 6 months.   

   5.    Phosphate buffered saline: 8 g of NaCl, 0.2 g of KCl, 1.44 g of 
Na 2 HPO 4 , 0.24 g of KH 2 HPO 4  are dissolved in 1 L Type I 
water and pH is adjusted to 7.4 with 0.5 M HCl or 0.5 M 
NaOH ( see   Note 2 ).      

       1.     Cortisol   stock solution (100 μg/mL in methanol) is prepared 
by diluting 1.0 mL of Cortisol (1 mg/mL) in methanol to a 
fi nal volume of 10.0 mL. Store at −20 °C, expiration 1 year.   

   2.    Calibration Standards for  Cortisol   are laboratory-prepared by 
diluting Cortisol stock solution with Phosphate Buffered 
Saline (PBS) to fi ve target concentrations: 50, 100, 500, 2000, 
and 10,000 ng/dL. Calibrators are divided into aliquots and 
stored frozen at −20 °C, expiration 2 years.      

       3.    Internal Standard stock solution ( Cortisol  -D4 100 μg/mL in 
methanol): prepare by weighing out 1.0 mg Cortisol-D4 and 
dissolving in 10 mL methanol. Store at −20 °C, expiration 2 
years.   

   4.    Internal Standard working solution ( Cortisol  -D4 500 ng/mL 
in methanol): dilute 50 μL Cortisol-D4 stock solution to fi nal 
volume of 10.0 mL in methanol. Store at −20 °C, expiration 
1 year.   

   5.    URTS (Unextracted Retention Time Standard):  Cortisol   and 
Cortisol-D4, each at 5.0 ng/mL in 50 % methanol ( see   Note 3 ).   

   6.    Quality Control samples are laboratory-prepared in PBS using 
 Cortisol   stock, and targeted to 100, 600, and 3000 ng/dL. 
Controls should be stored frozen at −20 °C and expire 1 year 
after preparation ( see   Note 4 ).   

   7.    Separate  cortisol   stocks are prepared for dilution to calibrators 
and for dilution to controls.      

       1.    Shimadzu Prominence  HPLC   system consisting of pumps [ 2 ], 
solvent degasser, autosampler, diverter valve, and system 
controller (Shimadzu, Kyoto, Japan).   

   2.    AB Sciex API 5000 tandem mass spectrometer with electro-
spray source, running Analyst 1.5 software (ABSciex, 
Framingham, MA).   

   3.     HPLC   column: Onyx C18, 50 × 2.0 mm (Phenomenex, 
Torrance, CA).   

   4.    Guard cartridge 5 × 3 mm (Phenomenex, Torrance, CA).   
   5.    Salivette  Cortisol   collection device (Sarstedt, Nümbrecht, 

Germany).   
   6.    Fixed volume pipet (200 μL) (VistaLab, Brewster, NY).   

2.3  Standards 
and Calibrators

2.4  Quality Controls 
and Internal Standard

2.5  Analytical 
Equipment 
and Supplies
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   7.    Electronic single channel adjustable volume pipet (200–1000 μl) 
(Sartorius Biohit).   

   8.    Eppendorf-plus pipettor (Eppendorf).   
   9.    Vortex mixer, multi-tube (VWR).   
   10.    Autosampler vials and caps (SRI).       

3    Methods 

       1.    Collect  saliva   using a “Salivette for  Cortisol   Testing” collection 
device by following the instructions ( see   Note 1 ). The samples 
are shipped back to the laboratory.   

   2.    The patient Salivette is spun for 3 min in the lab at 1600 ×  g  to 
recover  saliva  , and the insert is discarded.   

   3.    Samples are prepared for injection by adding to autosampler vials 
in the following order: (1) 800 μL Mobile Phase A, (2) 10 μL 
ISTD working solution, and (3) 200 μL patient  saliva  , calibrator, 
or QC. Vials are capped, mixed, and placed in autosampler.      

       1.    See Table  1  for solvent composition and follow rate parameters.
       2.    Autosampler injects 40 μL on to the C18 Monolithic silica 

 HPLC   column equilibrated at 5 % methanol (5 % mobile phase B) 
and fl owing initially at 1 mL/min ( see   Note 5 ).   

   3.    After 30 s, the methanol concentration is rapidly increased to 
50 % and held there while fl ow is decreased to 0.6 mL/min to 
allow for separation of  cortisol   peaks from other compounds.   

3.1  Sample 
Preparation Stepwise 
Procedure

3.2   HPLC   Method

   Table 1  
   HPLC   gradient parameters   

 Time (min)  Total fl ow (mL/min)  Pump B concentration (%) 

 0  5 

 0.4  0.6  5 

 0.5  0.6  50 

 1.9  0.6  50 

 2.0  0.6  100 

 2.6  0.6  100 

 2.8  1.0  100 

 2.9  1.0  100 

 3.0  1.0  5 

 3.5  1.0  5 

  Only fl ows between 1.4 and 3 min are sent to MS  

Yan Victoria Zhang
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   4.    The Mobile Phase B concentration is raised to 100 % metha-
nol at 1.0 mL/min to wash away any late-eluting compo-
nents, and prepare for the next injection. At 3 min the 
concentration returns to 5 % B to equilibrate column for the 
next injection.   

   5.    For the fi rst 1.4 min of the run, column eluate is diverted to 
waste, then the diverter valve directs fl ow into the API-5000 
until 3.0 min of run time, when fl ow again returns to waste.   

   6.    Chromatography is performed at ambient temperature;  Cortisol   
elutes at about 2.4 min, and total run time is 3.5 min.       

4    MS Method 

     1.    MS/MS parameters for gas, temperature, and voltage settings 
are summarized in Table  2 . The MRM transitions and corre-
sponding parameters for  Cortisol   and Internal Standard 
 fragment ions monitored in the assay are shown in Table  3  
( see   Note 6 ).

   Table 2  
  MS/MS operating parameters   

 Ionization mode  Positive 

 Ion source  Turboionspray (ESI) 

 Curtain gas  25 

 CAD gas  Med 

 Ionspray voltage  3000 V 

 Temperature  500 °C 

 Gas 1  40 

 Gas 2  40 

 Declustering potential  125 

 Entrance potential  10 

   Table 3  
  MRM transitions and corresponding parameters   

 Compound  Q1 mass  Q3 mass  Dwell time (ms)  CE  CXP 

  Cortisol   1  363.4  121.1  100  36  18 

  Cortisol   2  363.4  97.4  100  42  15 

 D4- cortisol    367.4  121.1  75  33  15 

Quantitative Analysis of Salivary Cortisol Using LC-MS/MS
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        2.    A representative  LC-MS/MS   total ion chromatogram of 
 Cortisol   and the MRM transitions of  cortisol   and the internal 
standard are shown in Figs.  1  and  2 , respectively.

        3.    Two  cortisol   fragmentations are monitored: 363/121 defi nes 
the quantifi er ion, and 363/97 the qualifi er ion.     

       1.    The  LC-MS/MS   data is analyzed using the quantitation func-
tions in Analyst Software (ABSciex).   

   2.    The measured  Cortisol   peak areas corresponding to the quanti-
fying ions and internal standards are used to construct calibra-
tion lines, by plotting the ratio of  cortisol  /ISTD areas against 
cortisol concentration. From this line, the concentration of 
unknown samples and controls can be determined. A least- 
squares regression line with 1/x weighting is employed.   

   3.    The limit of quantitation of the method is 50 ng/dL. Patient 
levels (for healthy patients) are frequently below this level, and 
samples beyond the range of the calibration line are not likely 
to be encountered. A typical calibration curve has correlation 
coeffi cient ( R  2 ) of >0.99 ( see   Notes 7  and  8 ).   

   4.    Typical intra- and inter-assay imprecision is <10 %.   

4.1  Data Analysis
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  Fig. 1    Total ion chromatogram of  cortisol   assay with cortisol eluted at 2.42 min       
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  Fig. 2    MRM transitions of  cortisol   (363/121 and 363/97) and the internal stan-
dard (367/121)       
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   5.    Quality control: All three levels of QC standards are run together 
with calibration standards and patient samples in the Salivary 
 Cortisol   assay. QC specimens are analyzed immediately after the 
calibrators and before the patient samples. After the patients, 
the calibrators and QC are injected again. QC acceptability is 
determined based on Westgard multi-rules ( see   Note 4 ).   

   6.    Alternatively, if Westgard rules are not used, the analytical run 
may be considered acceptable if the calculated concentrations 
of  cortisol   in the controls are within +/− 20 % of target 
values.   

   7.    Ion Ratio Agreement: The quantifi er ion in the sample is consid-
ered acceptable if the ratios of qualifi er ions to quantifying ion 
are within +/− 20 % of the average ion ratios for the calibrators 
( see   Note 9 ).       

5    Notes 

     1.    The following collection instructions for the Salivary  Cortisol   
sample are provided to the patient, along with the Salivette 
device(s):
   (a)    Do not brush teeth before collecting sample.   
  (b)    Do not eat or drink for 15 min prior to sample collection.   
  (c)    Collect a sample between 11 p.m. and midnight or a 

different collection time instructed by the doctor such as 
7–9 a.m. or 3–5 p.m.    

      2.    We used PBS as dilution buffer. Mobile phase A can also be 
used as the dilution buffer to replace PBS. The comparison 
from our results did not show signifi cant difference between 
those two types of diluent buffer.   

   3.    This is used as a positive control for the system.   
   4.    New control lots must be validated by running them 5–10 

times as unknowns. A representative mean and standard deviation 
for the new lot will be calculated for future use.   

   5.    This Technique uses simple “dilute and shoot” approach, 
and the  HPLC   columns can become fouled relatively quickly. 
Use of a pre-column fi lter and especially a guard column is 
recommended. And other sample cleaning methods such as 
using solid phase extraction can also be applied.   

   6.     Mass spectrometry   cannot separate compounds with the same 
 m / z  ratios which can potentially cause interference and inac-
curate quantifi cation. Hydrocortisone is used as a medicine 
which is the same as  cortisol  . Therefore,  mass spectrometry   
cannot separate hydrocortisone from cortisol, and presence of 
hydrocortisone gives falsely high cortisol results. The present 

Quantitative Analysis of Salivary Cortisol Using LC-MS/MS



78

technique picks up no detectable interferences from other 
drugs commonly seen in patients.   

   7.    The limit of quantitation for salivary  cortisol   was determined 
to be 50 ng/dL. Values less than 50 should be reported as 
<50 ng/dL. Linearity has been demonstrated to 100,000 ng/dL 
for this assay; samples that exceed the highest point of the 
calibration curve (10,000 ng/dL) should be re-tested on dilu-
tion from the original tube, using PBS as diluent.   

   8.    No carry-over was observed up to a spiked- cortisol   level of 
10 μg/mL (or 1,000,000 ng/dL).   

   9.    Detected  cortisol   can be falsely elevated in the presence of pred-
nisolone. Since this interference is refl ected in the calculated 
peak ratio values, signifi cant prednisolone interference will cause 
a rejection of the analytical data (because the ratios are out of 
range) rather than the reporting of an incorrect value.         
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    Chapter 10   

 Quantifi cation of Dihydroxyacetone Phosphate (DHAP) 
in Human Red Blood Cells by HPLC-TripleTOF 5600™ 
Mass Spectrometer       

     Shuang     Deng    ,     David     Scott    ,     Douglas     Myers    , and     Uttam     Garg       

  Abstract 

   Triosephosphate isomerase (TPI) is a glycolytic enzyme which catalyzes the interconversion between 
glyceraldehyde- 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP). TPI defi ciency results in 
accumulation of DHAP in human red blood cells and other tissues. The disease is characterized by con-
genital hemolytic anemia, and progressive neuromuscular dysfunction. The laboratory diagnosis is gen-
erally made by measurement of TPI activity in RBCs. Measurement of DHAP can be useful in further 
confi rmation and follow-up of the disease. We developed HPLC/TOF-MS method for quantitation of 
DHAP in RBCs. The method involves simple protein precipitation, reverse phase C8 column chroma-
tography, ion pairing with tributylamine, and long run time of 50 min to separate the two isomers 
(G3P and DHAP).  

  Key words      Red blood cells    ,    Dihydroxyacetone phosphate    ,    Tributylamine   (ion pair  reagent  )  , 
   Production ion    

1      Introduction 

  Dihydroxyacetone phosphate   (DHAP) is a glycolytic metabolite 
and interconverts with glyceraldehyde-3-phosphate (G-3-P) by a 
glycolytic enzyme, triosephosphate isomerase (TPI). TPI defi ciency 
is a rare autosomal recessive disease that presents with various clini-
cal symptoms including hemolytic anemia and neuromuscular dys-
function [ 1 – 5 ]. Only <100 cases have been described in the scientifi c 
literature. 

 In healthy individuals, DHAP is maintained at low concentra-
tions. However, in TPI defi ciency, DHAP accumulates in RBCs 
and other tissues. The laboratory diagnosis is generally made by 
measurement of TPI activity in RBCs. Measurement of DHAP can 
be useful in further confi rmation and follow-up of the disease. 
DHAP can be measured using enzymatic or chromatographic 
methods [ 6 – 8 ]. Enzymatic methods need specifi c enzymes and 
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reagents. Since TPI is a rare disorder, keeping enzymatic method 
ready could be challenging. Mass spectrometric methods are pre-
ferred since they do not need special reagents and are more specifi c 
as compared to enzymatic methods. We describe a  HPLC  /
TOF-MS (time of fl ight  mass spectrometry  ) method for the assay 
of DHAP in RBCs. The method involves simple protein precipita-
tion, reverse phase C8 column chromatography, and ion pairing 
with  tributylamine  . The run time is long (50 min) to separate the 
two  isomers   (G3P and DHAP). Mass spectrometer, Triple TOF TM  
5600 was used in a high sensitivity and product ion scan negative 
mode. The method was used in the measurement of RBCs DHAP 
levels in a patient diagnosed with TPI defi ciency.

2       Materials 

   1 ml blood in sodium heparin (green top no gel) tube. Centrifuge 
blood at 1200 ×  g  for 7 min in a refrigerated centrifuge. Discard the 
 plasma   and dilute packed RBCs in  HPLC   grade water (1:1). 
Sonicate the mixture for 2 min to break the RBC cell membranes. 
Store the hemolysate at −70 °C until analysis.  

       1.    0.3 N Zinc Sulfate (Sigma).   
   2.     Tributylamine   (Sigma).   
   3.     Dihydroxyacetone phosphate   lithium salt (Sigma).   
   4.    Mobile phase A: 10 mM  tributylamine  , 15 mM acetic acid in 

 HPLC   grade water, pH 5.   
   5.    Mobile phase B: Methanol.   
   6.    Protein precipitation reagent: Methanol : 0.3 N ZnSO 4  (7:3).      

       1.    Red blood cell matrix for preparation of calibrators and controls: 
This is prepared using left-over blood submitted for immuno-
suppressant testing. Centrifuge blood at 1200 ×  g  for 7 min in a 
refrigerated centrifuge. Discard the supernatant and dilute 
packed RBCs in  HPLC   grade water (1:1). Sonicate the mixture 
for 2 min to break the RBC cell membranes. Store the hemo-
lysate at −70 °C until analysis.   

   2.    Primary standard 1° (100 mM): Weigh 17 mg DHAP powder 
and dissolve into 1 ml  HPLC   grade water. Stable for 6 month 
when stored at −70 °C.   

   3.    Secondary standard 2° (10 mM): Pipette 500 μl of primary 
standard and Q.S. to 5 ml with  HPLC   grade water. Stable for 
6 month when stored at −70 °C.   

   4.    Tertiary standard 3° (1 mM): Pipette 500 μl of secondary stan-
dard and Q.S. to 5 ml with  HPLC   grade water. Stable for 6 
month when stored at −70 °C.   

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Standards 
and Quality Controls
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   5.    Calibrators are made according to Table  1  using standards.
       6.    Quality controls (QCs) are made according to Table  2  using 

standards ( see   Note 1 ).

              1.    Triple TOF™5600 (AB Sciex).   
   2.    Acuity  UPLC   (Waters).   
   3.    Column: Agilent Eclipse XDB, C8, 3.5 μM, 4.6 × 150 mm.       

3    Methods 

       1.    Pipette 100 μl calibrators, patient sample hemolysate or controls 
to 1.5 ml microcentrifuge tubes.   

   2.    Add 200 μl protein precipitation reagent and vortex for 1 min.   
   3.    Centrifuge for 10 min at 12,000 ×  g .   
   4.    Transfer 100 μl supernatants to autosampler vials.   
   5.    Inject into 10 μl into the  HPLC  /TOF-MS.      

    See  Tables  3  and  4  for  HPLC   and mass spectrometer conditions 
( see   Notes 2  and  3 ).

2.4  Analytical 
Equipment 
and Supplies

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

   Table 1  
  Preparation of calibrators   

 2°(μl)  3° (μl)  RBC matrix  Final conc. (μM) 

 Cal 1  100  q.s. to 10 ml   10 

 Cal 2  100  q.s. to 10 ml  100 

 Cal 3  200  q.s. to 10 ml  200 

 Cal 4  500  q.s. to 10 ml  500 

  RBC matrix was prepared using left-over blood submitted for immunosuppressant 
testing. DHAP concentration in this matrix was <10 μM  

   Table 2  
  Preparation of quality controls   

 2°(μl)  3° (μl)  RBC matrix  Final conc. (μM) 

 QC 1  200  q.s. to 10 ml   20 

 QC 2  150  q.s. to 10 ml  150 

 QC 3  400  q.s. to 10 ml  400 

  RBC matrix was prepared using left-over blood submitted for immunosuppressant test-
ing. DHAP concentration in this matrix was <10 μM  

Quantifi cation of Dihydroxyacetone Phosphate (DHAP) …
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           1.    TOF-MS is used with electrospray ionization source in neg-
ative ion mode. The instrument is calibrated by taurocholic 
acid (2 ng/ml) before run ( see   Note 4 ). Data are collected 
using Analyst TF 1.6 software and quantifi ed using MultiQuant 
software version 3.0 (AB Sciex).   

   2.    Standard curves are generated based on linear regression of 
the analyte response ( y ) versus analyte concentration ( x ) using 
 m / z  97 as quantifying ion. Other ions are listed in Table  5  
( see   Note 5 ).

       3.    A typical calibration curve has a correlation ( r  2 ) > 0.99.   
   4.    Quality control samples are evaluated with each run. The 

acceptable results are within +/− 20 % of target values.   
   5.    Typical chromatograms are shown in (Fig.  1 ).       

3.3  Data Analysis

   Table 3  
   HPLC   gradient and parameters   

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

 Initial  100  0 

 15  100  0 

 25  80  20 

 36  80  20 

 36.5  0  100 

 38  0  100 

 38.1  100  0 

 50  100  0 

  Column temperature −25 °C. Flow rate—0.2 ml/min  

   Table 4  
   Mass spectrometry   parameters   

 Ion Source Gas 1 (GS1)  60 psi 

 Ion Source Gas 2 (GS2)  60 psi 

 Curtain gas (CUR)  30 psi 

 Temperature (TEM)  450 °C 

 IonSpray voltage fl oating (ISVF)  −4000 V 

Shuang Deng et al.
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4    Notes 

     1.    Calibrators and quality controls are prepared separately using 
different normal RBC matrices. Of note, normal RBC matrices 
have DHAP concentrations <10 μM.   

   2.    This is a time-consuming method and each run is 50 min. This 
is required to separate DHAP and its isomer glyceraldehyde-3 
phosphate. Both the compounds have same precursor and 
product ions.   

   3.    The use of ion pairing reagent TBA may contaminate the 
 HPLC   system and mass spectrometer. This may affect instru-
ment sensitivity and calibration. Post-run cleaning may be 
needed to maintain instrument performance.   

   4.    Instrument calibrant and calibration method may vary signifi -
cantly among different instruments.   

   5.    Results are expressed as μmol/l of hemolysate.         

   Table 5  
  DHAP specifi c parameters   

 Precursor ion  Product ion 1  Product ion 2  DP (V)  CE (eV) 

 169  97  79  −35  −14 

Plasma Cal 3 - DHAP-P-97 (Standard) 96.9600 - 96.9700 - 2015-03-12-4.wiff (sam...
Area: 3.704e6, Height: 6.485e4, RT: 41.59 min Conc. (ng/mL): 199.1

6.5e4
41.59 41.59
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  Fig. 1    TOF-MS ion chromatograms for DHAP       
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    Chapter 11   

 Simultaneous Quantitation of Estradiol and Estrone 
in Serum Using Liquid Chromatography Mass 
Spectrometry       

     Catherine     P.     Riley     ,     Richard     E.     Mathieu     Jr.    , and     Carmen     Wiley     

  Abstract 

   Accurate measurement of the endogenous estrogens, estrone (E1) and estradiol (E2), is important in the 
clinical diagnosis and monitoring of multiple disorders. Typically, given the effi cacy and low cost, radioim-
munoassays (RIA) and enzyme-linked immunoassays (EIA) are used to quantify these hormones in bio-
logical samples. Unfortunately, at low levels these assays lack the necessary sensitivity and specifi city for 
diagnosis of certain disorders in adult and pediatric endocrinology and oncology. In response to this need, 
we developed a fast and sensitive high performance liquid chromatography negative electrospray ioniza-
tion tandem mass spectrometry (LC-MS/MS) method to measure serum estrone (E1) and estradiol (E2) 
without chemical derivatization. Samples are spiked with a stable isotopic carbon thirteen ( 13 C) labeled 
internal standard and the estrogens are isolated by liquid–liquid extraction (LLE) with hexane:Methyl-
tert   - butyl ether (MTBE) (9:1). Following centrifugation and dry down samples are reconstituted with 
deionized water, and separated on a C18 reverse phase column. The analytes are quantifi ed using a six 
point calibration curve with a linearity of 2.6–625 pg/ml and with a variability of less than 8 % across 
analytical range.  

  Key words      Estrogen    ,    Estradiol    ,    Estrone    ,    Mass spectrometry    ,    Reproductive hormones    

1      Introduction 

 Female secondary sex characteristics and reproductive function are 
developed and maintained by the  estrogen   hormones. Estrogens 
are also responsible for regulation of the menstrual cycle, germ 
cells maturation, and sustentation of pregnancy [ 1 – 4 ]. In addition, 
estrogens play an important role in gender-specifi c processes, 
including nervous system maturation, bone growth and metabo-
lism, and endothelial responsiveness [ 5 – 10 ]. In nonpregnant 
humans  estrone   (E1) and  estradiol   (E2) are the major biologically 
active estrogens. Estriol (E3), a third bioactive estrogen, plays a 
major role in sustaining pregnancy yet has no signifi cant role in 
nonpregnant women or men [ 11 ]. 
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  Estradiol   (E2) concentrations are widely utilized in the evalu-
ation of reproductive function in females, including assessment of 
infertility, hypogonadism, amenorrhea, oligomenorrhea, meno-
pausal status, as well as monitoring ovulation in preparation for 
in vitro fertilization. Simultaneous measurement of E1 and E2 can 
be used to help in diagnosis of inborn errors of sex steroid metabo-
lism, precocious puberty,  estrogen   defi ciency in men, fracture risk 
assessment in menopausal women, and polycystic ovarian syn-
drome [ 1 – 3 ]. Measured concentrations of E1 and E2 are also 
being used more frequently for therapeutic drug monitoring, in 
the context of either low-dose female hormone replacement ther-
apy or antiestrogen treatment [ 12 ]. Furthermore, studies have 
shown a correlation between low estrogen levels and osteoporosis 
as well as cardiovascular and neurologic diseases [ 5 – 10 ]. 

 Commonly, immunoassays are used in the clinic to measure 
the concentration of serum estrogens in biological samples. In 
some cases the traditional immunoassay approach to measuring 
estrogens is adequate; however, other clinical situations require 
extra sensitivity. Given their modest sensitivity, immunoassays are 
ineffective when attempting to measure low physiologic concen-
trations of  estrogen   as seen in men, children, and postmenopausal 
women. Moreover, immunoassays are unable to reproducibly elu-
cidate the estrogens from interfering endogenous substances, 
resulting in poor specifi city particularly at lower concentrations 
[ 13 ,  14 ]. The following chapter describes a simple, robust, highly 
sensitive method for the rapid evaluation of serum  estradiol   and 
 estrone   without chemical  derivatization  . Two hundred and fi fty 
microliters of serum is spiked with a stable isotopic internal stan-
dard, in the form of estradiol 2,3,4- 13 C 3  and the sample is extracted, 
dried down, and reconstituted. The concentrated sample is then sep-
arated on a XB-C18 50 × 2.1 mm; 2.6 μm 100 Å column followed by 
negative electrospray ionization  multiple reaction monitoring   mass 
 spectrometry  .  

2     Materials 

   Serum or  plasma  . Separate serum or plasma from cells within 1 h 
of collection. If using SST tube, serum must be separated from gel 
within 24 h of draw.  

       1.    Methanol, LC/MS Grade >99.9 %.   
   2.    n-Hexane,  HPLC   Grade >95 %.   
   3.    Methyl- tert -butyl ether (MTBE)  HPLC   99.9 %.   
   4.    Mobile Phase “A” Solution, 30 % Methanol (v/v): Add 300 ml 

of methanol to 1 l volumetric fl ask and bring to volume with 
deionized water, mix, and sonicate. Stable at room temperature 
up to 1 month.   

2.1  Samples

2.2  Solvents 
and Reagents

Catherine P. Riley et al.
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   5.    Mobile Phase “B” Solution, 100 % Methanol (v/v): Add 
1000 ml of methanol to 1 l volumetric fl ask and sonicate. 
Stable at room temperature up to 1 month.   

   6.    Extraction Reagent 90 % Hexane & 10 % MTBE (v/v): The 
Extraction Reagent is prepared by adding 225 ml of Hexane 
( HPLC   Grade) to 25 ml of Methyl-tert-butyl ether (MTBE). 
This reagent needs to be prepared in an approved fume hood 
due to volatility of the reagents. Stable for 3 months when 
stored at 2–8 °C.      

       1.    Stock internal standard:  Estradiol   2,3,4- 13 C 3  (100 μg/ml) 
(Cerilliant, Round Rock, Texas) ( see   Note 1 ).   

   2.    Intermediate internal standard: (100 ng/ml). The intermedi-
ate stock solution is prepared by adding 10 μl of labeled stock 
to 9.99 μl of acetonitrile (1:1000).   

   3.    Working internal standard: (2.5 ng/ml). The working internal 
standard is prepared by adding 1.25 ml intermediate stock 
 estradiol   2,3,4- 13 C 3  to 48.75 ml of methanol.   

   4.    Stock  estradiol   calibration material: Estradiol   (1.0 mg/ml) 
(Cerilliant, Round Rock, Texas).   

   5.    Intermediate  estradiol   calibration material:  Estradiol   (1.0 μg/ml). 
The stock material needs to be sonicated briefl y before prepar-
ing the intermediate calibration material. The intermediate 
stock is prepared by diluting the Stock calibration material 
1:1000 in acetonitrile (10 μl of stock is added to 9.99 ml ace-
tonitrile). The intermediate Stock Solution should be consid-
ered stable for up to 1 year if it is stored at <−60 °C.   

   6.    Stock  estrone   calibration material:  Estrone   (1.0 mg/ml) 
(Cerilliant, Round Rock, Texas).   

   7.    Intermediate  estrone   calibration material:  Estrone  , (1.0 μg/ml). 
The intermediate stock is prepared by diluting the Stock 
Calibration material 1:1000 in methanol (10 μl of original 
stock is added to 9.99 ml methanol). The intermediate Stock 
Solution should be considered stable for up to 1 year if it is 
stored at <−60 °C.   

   8.    Working  estradiol   and  estrone   calibration material:  Estradiol   
(1.0 ng/ml) and  Estrone   (1.0 ng/ml). The working stock 
solution is prepared at a concentration of 1.0 ng/ml of both 
estradiol and estrone. The working stock is prepared by 
 carefully pipetting out 10 μl of estradiol intermediate stock 
solution (1.0 μg/ml) and 10 μl of estrone intermediate stock 
solution (1.0 μg/ml) and adding it to 9.98 ml of deionized 
water (1:1000). Mix thoroughly by gentle inversion prior to 
storage or use. The working stock solution should be consid-
ered stable for one use only.   

2.3  Internal 
Standards, Calibration, 
and Control Material
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   9.    Stock  Estrone   control material: Estrone (100 μg/ml) 
(IsoScience, King of Prussia, PA). Once opened the Stock 
solution should be considered stable for up to 12 months when 
stored at <−65 ° C.   

   10.    Intermediate  Estrone   control material: Estrone(100 ng/ml). 
The intermediate stock is prepared by carefully pipetting out 
adding 10 μl of  estrone   stock solution (100 μg/ml) and add-
ing it to 9.99 ml of methanol (1:1000). Mix thoroughly by 
gentle inversion prior to storage or use. The intermediate stock 
solution should be considered stable for up to 1 year if it is 
stored at <−65 °C.   

   11.    Working  Estrone   control material: (1.0 ng/ml). The working 
stock solution is prepared at a concentration of 1.0 ng/ml. The 
working stock is prepared by carefully pipetting out adding 
100 μl of  estrone   intermediate stock solution (100 ng/ml) 
and adding it to 9.90 ml of deionized water (1:100). Mix thor-
oughly by gentle inversion prior to storage or use. The working 
stock solution should be considered stable for one use only.   

   12.    Stock  estradiol   control material: Lyphochek Immunoassay 
Plus Control Level 1–3 (Bio-Rad, Hercules, CA).  Estradiol   
levels will vary depending on the lot of Bio-Rad material. See 
package insert for expected estradiol values ( see   Note 2 ).      

       1.    Calibrators: Calibrators 1–6 are prepared by serial dilution of 
the working stock calibration material as describe in Table  1 . 
For each dilution step add the appropriate volume of both the 
previous calibration material and the deionized water to a 
13 × 100 ml glass tubes. Thorough mixing should occur 
between the transfers of the diluted calibrator. Discard the fi nal 
2.0 ml from calibrator 1 and aliquot into 300 μl aliquots and 
store at −70 °C. Stable for up to 30 days ( see   Note 3 ).

       2.    Controls: Bio-Rad Lyphochek Immunoassay Plus Control Level 
1–3: To prepare controls 2–4 add appropriate volume of working 

2.4  Calibrators 
and Control 
Preparation 
and Operating 
Parameters

   Table 1  
  Preparation of calibrators   

 Calibrator 
number 

 Volume of previous 
calibration material (ml) 

 Volume of deionized 
water (ml) 

 Final concentration 
(pg/ml) 

 6  3.75 (working stock)  2.25  625 

 5  2.0 (Cal #6)  4.0  208 

 4  2.0 (Cal #5)  4.0  69 

 3  2.0 (Cal #4)  4.0  23 

 2  2.0 (Cal #3)  4.0  7.7 

 1  2.0 (Cal #2)  4.0  2.6 
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 estrone   control material and deionized water to each vial of 
lyphochek for a total volume of 5.0 ml (see below, Table  2 .) and 
allow to stand for 15 min prior to use. Mix by swirling. Control 
1 will be prepared by diluting control 2 1:10 with deionized 
water during each run. Aliquot into 300 μl aliquots and store at 
<−20 °C. Stable for up to 30 days ( see   Note 3 ).

       3.    Operating parameters: Set instrument parameters according to 
Tables  3  and  4 . Parameters are optimized specifi cally for an API 
5500 with Shimadzu 20A Prominence  HPLC   System; there-
fore, tune setting may vary slightly between instruments.

               1.    2.0 ml 9 mm Short-cap Screw Thread Vial (Restek, Belle
fonte, PA).   

   2.    2.0 ml 9 mm Short-cap Screw Thread Vial Closure (Restek, 
Bellefonte, PA).   

   3.    Vial Inserts, 100 μl, tri-spring (Phenomenex, Foster City CA).   

2.5  Equipment 
and Supplies

    Table 2  
  Preparation of controls   

 Control 
 Volume of control 
 estrone   material (μl) 

 Volume of deionized 
water (ml) 

 Final concentration 
of  estrone   (pg/ml) 

 2  500  4.5  100 

 3  1000  4.0  200 

 4  2000  3.0  400 

    Table 3  
   HPLC   operating conditions   

  Column temp   45 °C 

  Flow rate   0.45 ml/min 

  Equilibration time   0.5 min 

  Gradient    Step    Time  (min)   Parameter  (%) 

 1  0.3  45 

 2  0.5  45 

 3  2.00  80 

 4  2.20  80 

 5  2.50  90 

 6  2.80  90 

 7  3.00  45 

 8  3.50  Stop 
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   4.    13 × 100 ml Aliquot Tube.   
   5.    Eppendorf Pipette Tips EP 2–200 μl.   
   6.    Eppendorf Tips, 2.5 ml.   
   7.    Repeater pipet tips 50 ml.   
   8.    Centrifuge: Capable of Speeds of 3267 ×  g  (RCF).   
   9.    TurboVap ®  IV Evaporator (Zymark Corporation, Hopkinton, 

MA).   
   10.    Instrumentation: API 5500 with Shimadzu 20A Prominence 

 HPLC   System (AB Sciex, Foster City CA).   
   11.    Software: Analyst 1.6 quantitative software and Multiquant 

Software Version 2.1 (AB Sciex, Foster City CA).   
   12.    Analytical Column: Kinetex XB-C18, 2.6 μl, 50 × 2.10 mm 

100 Å (Phenomenex, Torrance, California).       

3    Methods 

       1.    Label an appropriate number of 13 × 100 ml glass tubes: Cal 1–6, 
Blank (Negative/Carry-Over), QC1, QC2, QC3, & QC4.   

   2.    For QC1 Add 25 μl of Bio-Rad control 1 (QC2) to QC1 tube 
plus 225 μl of deionized water. For all other controls and 
calibrators, add 250 μl of control or calibration material to the 
appropriate tubes, to the Blank and Negative/Carry-Over 
control add 250 μl of deionized water.   

   3.    Using an appropriate pipette transfer 250 μl of patient sample 
to its corresponding tube.   

   4.    Add 20 μl of Internal Standard to each tube.   

3.1  Stepwise 
Procedure

    Table 4  
   Mass spectrometry   operating conditions   

 Mode  MRM 

 Polarity  Negative 

 Curtain gas  15.0 psi 

 Ion source gas 1  70.0 psi 

 Ion source gas 2  75.0 psi 

 Nebulizing current  −5.00 

 Collision cell exit potential  −15.00 

 Entrance potential  −13.0 

 TEMP  700.0 
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   5.    Let samples stand at room temperature for approximately 30 s 
to let internal standard equilibrated.   

   6.    Add 5 ml extraction reagent to each tube. Following the addition 
of the extraction reagent, vortex each tube for 10 min (quickly 
eyeball samples to be sure all samples are mixing well) to insure 
that the internal standard, extraction reagent, and sample are uni-
formly suspended into the solution ( see   Note 4 ).   

   7.    Centrifuge the samples between 2600 and 3267 ×  g  for 
5–10 min to assist with separation of the organic layer from the 
aqueous layer.   

   8.    Place the samples in the −70 °C freezer for a minimum of 
20 min. This step serves to solidify and freeze the aqueous 
portion of the solution.   

   9.    Verify that the aqueous portion is frozen then collect the 
organic layer by pouring into fresh tube.   

   10.    Dry samples down with nitrogen at a pressure between 10 and 
15 psi for 10–15 min (temperature is not critical for the dry 
down, ambient to 43 °C is fi ne).   

   11.    Insure that the tubes are dry and none of the organic solvent 
remains; reconstitute samples with 125 μl of deionized water 
and vortex tubes for 5 s.   

   12.    Transfer reconstituted sample from the tube to appropriately 
labeled vials containing spring bottom inserts, cap vials.   

   13.    Load samples onto the  LC-MS/MS   and inject 50 μl of sample 
for analysis. Representative ion chromatographs for the  estradiol   
internal standard, estradiol, and  estrone   are shown in Fig.  1  
( see   Note 5 ).

                1.    Instrument Settings and Operating Conditions are provided in 
Subheading  2  and Tables  3 ,  4 , and  5 .

       2.    Data Analysis in performed using Multiquant software version 
2.1 (ABSciex).   

   3.    Curves are linear via 1/X for the regression calculation and are 
generated based on the analyte/internal standard peak area 
ratio using the qualifying ions from Table  5 .   

   4.    The calibrator accuracy should be ±10 % of the expected value.   
   5.    Ion ratios between transitions are generated using the peak 

area ratio of the quantifying/qualifying transition and should 
be within acceptable limits, ± 35 % of the known ratio for the 
calibrators (Table  5 ).   

   6.    All peaks must be symmetrical in shape, and have no signifi cant 
peak leading, tailing, or splitting.   

3.2  Analysis

3.2.1  Calibration 
Acceptability
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   7.    The correlation coeffi cient ( r ) for the curves generated must 
be ≥0.99 ( see   Notes 6 – 8 ).   

   8.    Expected retention time is 1.3 for all analytes and should be 
within ±0.1 min ( see   Note 9 ).   

   9.    The linearity/limit of quantitation of the method is 2.6–
625 pg/ml. Samples that exceed the upper limit of quantita-
tion should be diluted with deionized water retested.       

       1.    The negative control must demonstrate the presence of inter-
nal standard and have a concentration less than that of the limit 
of quantifi cation (2.6 pg/ml).   

   2.    The positive controls must have acceptable chromatography, 
retention time, ion pattern, and ratios ( see   Note 9 ).   

   3.    Control values must fall within ±2SD of the established target 
values.      

       1.    All peaks for both analytes and internal standard must be sym-
metrical in shape, and have no signifi cant peak leading, tailing, 
or splitting.   

   2.    Ion ratios between transitions are generated using the peak 
area ratio of the quantifying/qualifying transition and should 
be within acceptable limits, + 35 % of the known ratio for all 
calibrators, controls, and patient samples. Table  5 .   

3.3  Quality Control 
Acceptability

3.4  Specimen 
Acceptability

  Fig. 1    Extracted ion chromatographs of 23 pg/ml  estradiol  ,  estrone  , and the associated internal standard. ( a ) 
 Estradiol   internal standard quantifying peak. ( b ) Estradiol internal standard qualifying peak. ( c ) Estradiol quan-
tifying peak. ( d ) Estradiol qualifying peak. ( e )  Estrone   quantifying peak. ( f ) Estrone qualifying peak       
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   3.    There must be no interfering peaks in extracted ion chromato-
grams and the chromatography must show good separation 
and peak resolution.   

   4.    The retention time is consistent with the calibrators and quality 
control within the run ( see   Note 9 ).       

4    Notes 

     1.     Estradiol   2,3,4- 13 C 3  is used as the internal standard for both 
 estradiol   and  estrone  .   

   2.     Estrone   is not present in the Bio-Rad  estradiol   control materi-
als  estrone   and therefore requires estrone spiking.   

   3.    This assay is a multiplex and monitors both the  estradiol   and 
 estrone   values followed by a calculation to determine total 
 estrogen   values. The calculation is a simple summing of the 
estradiol and estrone values. Calibration material contains both 
estradiol and the estrone at a starting concentration of 625 pg/ml. 
Control material also contains both analytes, the estradiol con-
trol values are lot to lot specifi c and can be found in the pack-
age insert supplied by Bio-Rad. The estrone control values are 
listed in Table  2 .   

   4.    It is imperative that the samples get mixed thoroughly for the 
full 10 min. If this is not done, it will result in a reduction in 
the recovery of the estrogens and poor overall peak quality.   

   5.    Each analyte has two transitions (ions); the transitions num-
bered 1 for each analyte are the quantifying transition. The tran-
sitions numbered 2 for each analyte are the qualifying transition 
and are only used for quality control.   

   6.    A unique standard curve (Calibrators 1–6) is extracted and 
generated with each analytical run.   

      Table 5  
  Parent and precursor ions and associated energies   

 Compound 
 Parent 
ion (M/Z) 

 Product 
ion (M/Z) 

 Declustering 
potential (DP) 

 Collision 
energy (CE) 

  Estradiol_  IS_1  274.3  186.3  −120.0  −56.0 

 Estradiol _  IS_2  274.3  146.3  −130.0  −76.0 

 Estradiol _  1  271.3  145.1  −110.0  −57.0 

 Estradiol _  2  271.3  143.1  −110.0  −57.0 

 Estrone _  1  269.1  146.1  −125.0  −46.0 

 Estrone _  2  269.1  186.1  −125.0  −36.0 
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   7.    To confi rm the integrity of the calibration material overlay the 
new calibration curves against an established reference curves 
in the Multiquant software. Also closely monitor QC data for 
trends or bias in the material that could indicate a breakdown 
of the calibration material.   

   8.    If any one point does not lie on the curve, it can be removed 
and the run reprocessed. If the absence of this point means that 
the curve has a shape dissimilar to that of the generally accepted 
calibration curve, or more than one point appears to be anoma-
lous, then the assay should be repeated. Points dropped from 
the upper or lower end of the run must be evaluated to insure 
that the deletion of that point does not jeopardize the upper or 
lower range of linearity for the analyte.   

   9.    Retention times may vary slightly with minor changes to the 
instrumentation such as length of tubing, and the addition of 
switching values. Small retention time shifts can also occur 
between batches of mobile phase.   

   10.    Interference studies were performed using commonly encoun-
tered sample conditions (hemolysis, lipemia, and icterus), anti-
coagulants (EDTA and Heparin), and other endogenous 
steroids ( testosterone  ). Ion suppression studies were performed 
using a sample infusion method. No signifi cant interference or 
suppression was observed.         
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    Chapter 12   

 Direct Measurement of Free Estradiol in Human 
Serum and Plasma by Equilibrium Dialysis-Liquid 
Chromatography-Tandem Mass Spectrometry       

     Julie     A.     Ray      ,     Mark     M.     Kushnir      ,     Alan     L.     Rockwood      , and     A.     Wayne     Meikle      

  Abstract 

   We describe a direct method of measurement of free estradiol using equilibrium dialysis followed by liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). Serum aliquots and internal standards are 
extracted by liquid-liquid extraction using methyl-tert-butyl ether (MTBE) followed by derivatization 
with dansyl chloride. An API 5500 mass spectrometer operated in positive electrospray mode is used 
for detection.  

  Key words      Equilibrium dialysis    ,    Free estradiol    ,    Derivatization    ,    LC-MS/MS    ,    SHBG    

1      Introduction 

  Estrogens   play an important role in female reproductive functions 
while simultaneously contributing to the preservation of bone 
health and protection of the cardiovascular system. High levels of 
non-metabolized estrogens can lead to breast [ 1 – 3 ], ovarian [ 4 ,  5 ], 
and thyroid cancers [ 6 ,  7 ] in women and gynecomastia in men [ 8 ]. 
 Estradiol  , the most potent of estrogens, is produced in varying 
concentrations in the ovaries during the menstrual cycle and exists 
in two states: bound to  proteins   such as  albumin   and  SHBG   (sex 
hormone binding globulin) and the free or unbound form [ 9 ,  10 ]. 
90 % or more of the hormone exists in the bound form. The free 
hormone hypothesis suggests the incapability of the large protein-
bound  estradiol   to cross capillary barriers in order to reach target 
tissues and the signifi cant dependence of total hormone levels on 
varying binding protein concentrations. Hence measurement of 
the free hormone provides a better assessment of estradiol present 
in circulation [ 11 – 16 ]. 

  Free estradiol   can be separated from biological samples by 
ultrafi ltration [ 17 ,  18 ], steady-state gel fi ltration, as well as 
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 equilibrium dialysis  . Subsequently it can be measured by indirect 
means such as calculation of the concentration of  free estradiol   
based on total  estradiol   concentration and the non-SHBG bound 
fraction of labeled estradiol and thereby indirectly predicting the 
concentration of the free hormone [ 19 ,  20 ]. Very few published 
reports directly measure free estradiol using equilibrium dialysis 
followed by  LC-MS/MS   which is independent of the measure-
ment of total estradiol or SHBG and  albumin   concentrations. We 
have used this method to establish clinically relevant concentra-
tions and reference intervals of free estradiol in women [ 21 ]. The 
dansyl chloride  derivatization   method used in this assay has been 
reported earlier by our laboratory for the measurement of total 
estradiol [ 22 ].  

2    Materials 

   Both serum and  plasma   samples are acceptable sample types.  Free 
estradiol   is stable at room temperature for the time required for 
analysis and is fairly stable at 4 °C (for 7 days) and −20 °C (for 30 
days) without degradation. No evidence of degradation is observed 
after three freeze-thaw cycles of samples.  

       1.    17β-estradiol, 17β-estradiol-16, 16, 17-d3 (Sigma Aldrich, St 
Louis, MO).   

   2.    1 g/L dansyl chloride: (Sigma Aldrich, St Louis, MO). Prepare 
in high purity acetonitrile. Stable for 6 months at −70 °C.   

   3.    1 g/L sodium carbonate: Prepare in deionized water. Stable 
for 3 months at 4 °C.   

   4.    Derivatizing agent: Prepare fresh derivatizing solution by 
mixing solution of dansyl chloride (1 g/L) with equal volume 
of sodium carbonate solution (1 g/L).   

   5.     Equilibrium dialysis   buffer: NaCl (5.19 g), Na 3 PO 4 .12H 2 O 
(0.5 g), KCl (0.323 g), MgSO4 · 7H 2 O (0.246 g), HEPES 
(free acid 37.72 g), urea (0.3 g), CaCl 2 . 2H 2 O (0.275 g), and 
NaN 3  (0.52 g). Add NaCl to 800 mL deionized water while 
stirring followed by the addition of the remaining salts in the 
order provided above with proper stirring. Transfer the solu-
tion to a pH meter and use 1M NaOH to adjust the solution 
to a pH of 7.28 ± 0.01. QS the solution to 1 L with deionized 
water and transfer to a 1 L glass bottle. Store between 2 and 
8 °C for 1 year.   

   6.    Phosphate buffered saline (PBS): Prepare by adding NaCl 
(8.77 g) to 800 mL deionized water while stirring. Add to this 
sodium phosphate (21.3 g) and mix until completely dissolved. 
Adjust the pH to 7.2 using NaOH or H 3 PO 4 . QS the solution 

2.1  Samples

2.2  Reagents 
and Buffers
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to 1 L with deionized water and transfer into a glass bottle. 
Stable at room temperature for 1 year.   

   7.     Estrogen   free bovine serum  albumin   (BSA Equitech-Bio Inc., 
Kerrville, TX) 0.05 % in PBS. Stable at −70 °C for 2 years.   

   8.    10 mM formic acid in water.   
   9.    10 mM formic acid in acetonitrile.   
   10.    10 mM formic acid in methanol.   
   11.    Autosampler syringe wash solution A: 45 % 2-propanol, 45 % 

acetonitrile, 10 % acetone, 0.3 % trifl uoroacetic acid.   
   12.    Autosampler syringe wash solution B: 50 % water, 50 % methanol, 

0.1 % formic acid.   
   13.    Autosampler injection valve wash solution A: 45 % 2- propanol, 

45 % acetonitrile, 10 % acetone, 0.3 % trifl uoroacetic acid.   
   14.    Autosampler injection valve wash solution B: 50 % water, 50 % 

methanol, 0.1 % formic acid.      

       1.    Stock standards (1 mg/mL in methanol):  Estradiol   (stable for 
3 years at −70 °C) and the deuterated  estradiol   internal stan-
dard (IS) (stable for 5 years at −70 °C).   

   2.    Calibration standard of  estradiol   (20 pg/mL, 0.7 pmol/L): It is 
prepared in water and methanol (1:1) according to Table  1 .

       3.    Calibration standard of d3-estradiol (50 pg/mL, 
183.5 pmol/L): It is prepared in water and methanol (1:1) 
according to Table  2 .

2.3  Standards, 
Calibrators, 
and Quality Controls

   Table 1  
  Dilutions for preparation of  estradiol   working calibration standard   

 Standard dilutions 
 Standard  estradiol,   
ng/mL 

 Volume of standard 
added, μL 

 Volume of 
solution, mL 

 Concentration, 
ng/mL 

 Dilution 1  10,00,000  40  10  4000 

 Dilution 2  4000  50  10  20 

 Calibration standard  20  25  25  0.02 

   Table 2  
  Dilutions for preparation of d3- estradiol   working internal standard   

 Standard dilutions 
 Standard 
d3- estradiol,   ng/mL 

 Volume of standard 
added, μL 

 Volume of 
solution, mL 

 Concentration, 
ng/mL 

 Dilution 1  10,00,000  50  10  5000 

 Dilution 2  5000  300  10  150 

 Working internal standard  150  8.3  25  0.05 
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       4.    Calibrators are prepared in 0.05 % BSA in PBS and freshly 
spiked with calibration standard of  estradiol   at concentrations 
of 0.5, 1.0, 2.5, 5.0, and 10 pg/mL (1.8, 3.7, 9.2, 18.4, 
36.7 pmol/L) according to Table  3 .

       5.    Quality control samples:
   (a)    Negative control: 0.05 % BSA in PBS. Stable for 2 years at 

−70 °C.   
  (b)    Quality control level 1: Prepare from a human serum pool 

containing low total  estradiol   by spiking 100 times in 
excess (to account for estradiol binding to  proteins   such as 
 SHBG  ) to give a concentration of 1.5 pg/mL. Stable for 
6 months at −70 °C.   

  (c)    Quality control level 2: Prepare from a human serum pool 
containing low total  estradiol   by spiking 100 times in 
excess (to account for estradiol binding to  proteins   such as 
 SHBG  ) to give a concentration of 6.0 pg/mL. Stable for 6 
months at −70 °C.   

  (d)    Quality control level 3: Prepare from a human serum pool 
containing low total  estradiol   by spiking 100 times in 
excess (to account for estradiol binding to  proteins   such as 
 SHBG  ) to give a concentration of 23.0 pg/mL. Stable for 
6 months at −70 °C.          

       1.    A triple quadrupole mass spectrometer API5500 with TurboV 
ion source (AB SCIEX, Foster City, CA).   

   2.    Software: Analyst 1.6.2.   
   3.    Two binary  HPLC   pumps series 1200 SL (Agilent Technologies, 

Santa Clara, CA), vacuum degasser, 6-port switching valve, 
autosampler CTC PAL (Carrboro, NC) equipped with fast 
wash station.   

   4.    Vortex with adaptor for microcentrifuge tubes.   
   5.    Evaporator for 96-well plates.   

2.4  Equipment

    Table 3  
  Preparation of calibration curve   

 Concentration (pg/mL)  Working calibration standard (μL)  BSA (μL) 

 0.0  0  200 

 0.5  5  200 

 1.0  10  200 

 2.5  25  200 

 5.0  50  200 

 10.0  100  200 
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   6.    Centrifuge for 2 mL microcentrifuge tubes.   
   7.    Centrifuge with buckets for 96-well plates.      

       1.    Eppendorf microcentrifuge tubes (2 mL).   
   2.    96-well plates (deep plates with square wells, 2 mL) with seal-

ing mats (Phenomenex).   
   3.    Trap cartridge for fi rst dimension separation: guard cartridge 

C1 (Cat # AJO 4299) in Security Guard™ cartridge holder 
(both Phenomenex, CA) maintained at ambient temperature.   

   4.     HPLC   column for analytical separation: Gemini C6 phenyl 
 TMS   end capping column (Cat # 00D-4443-B0) with Security 
Guard™ cartridge holder (Cat # AJO 7914) (both Phenomenex, 
CA) maintained at 30 °C.   

   5.    The trap and  HPLC   column are connected to the six port/two 
position switching valve (VICI VALCO Instruments Inc., 
Houston, TX) (Fig.  1 ).

       6.    Harvard Equilibrium Dialysis plate (Cat # 74-2330 Harvard 
Apparatus).       

3    Methods 

       1.    250 μL of patient samples and controls are aliquoted into the 
clear side of the Harvard Equilibrium Dialysis plate and an 
equal volume of dialysis buffer added to the orange side of the 
plate. The wells are numbered corresponding to the samples. 
The unused wells of the plate are covered with caps to avoid 
contamination. The calibrators do not undergo dialysis.   

   2.    The plate is allowed to spin at 37 °C for 22 ± 1 h.   

2.5  Supplies

3.1  Stepwise 
Procedure

Analytical
pump

Analytical
Column

Analytical
pump

Loading
pump Sample

Waste Waste

Instrument

Autosampler

Loading
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Autosampler
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Guard
cartridge
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Instrument

Elution

Guard
cartridge

  Fig. 1    Switching valve setup for chromatographic separation       
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   3.    A print layout of the 96-well plate with sample IDs listed in 
corresponding wells of the map is prepared.   

   4.    At the end of dialysis remove the plate from the chamber and 
remove 200 μL of buffer from the buffer side of the plate and 
aliquot into the 96-well plate.   

   5.    Label 2.0 mL microcentrifuge tubes with sample ID.   
   6.    Organize the run to include calibrators. Prepare the calibration 

curve by adding 200 μL of 0.05 % BSA to each tube and a nega-
tive control. Aliquot appropriate volumes of working calibration 
standard to the respective tubes as indicated in Table  3 .   

   7.    Add 20 μL of internal standard (50 pg/mL) to all the tubes.   
   8.    Add 1.3 mL MTBE to the tubes and cap them.   
   9.    Vortex tubes at low speed (setting 2–3) for 10 min (vortexing 

at high speed may result in formation of emulsion).   
   10.    Centrifuge tubes at −4 °C at 14,000 ×  g  for 10 min.   
   11.    Set tubes in −70 °C freezer for 10 min (or until bottom aque-

ous solution is frozen).   
   12.    Transfer the organic layer to the numbered wells of the 96-well 

plate taking care not to transfer any aqueous portion.   
   13.    Evaporate the organic layer in a 96-well plate evaporator at 

50 °C and a nitrogen fl ow rate of 50 psi.   
   14.    Take the remaining aqueous layer and repeat the extraction 

process.   
   15.    Add 1 mL MTBE to all tubes containing the aqueous layer.   
   16.    Vortex for 5 min at low speed.   
   17.    Centrifuge tubes at −4 °C at 14,000 ×  g  for 10 min.   
   18.    Set tubes in −70 °C freezer for 10 min (or until bottom aque-

ous solution is frozen).   
   19.    Carefully transfer the organic layer into the corresponding 

wells of the 96-well plate into the corresponding wells by 
 covering all rows except the row in which samples will be 
immediately transferred with a parafi lm.   

   20.    Evaporate the organic layer as before.      

       1.    Using an 8-channel pipette add 50 μL of the derivatizing 
solution into each well.   

   2.    Cover plate with mat (make sure that labels on the mat corre-
spond to the wells of the plate), vortex for 1 min, and incubate 
the plate in an oven at 70 °C for 10 min.   

   3.    Remove the mat from the plate and using an 8-channel pipette 
add 50 μL of a mixture of water/acetonitrile (1:1) into each 
well of the plate. Cover the plate with a mat and vortex the 
plate for 1 min.   

3.2   Derivatization  
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   4.    Centrifuge plate for 2 min at 4000 ×  g .   
   5.    Analyze the samples.      

       1.    Chromatographic gradient used in the method is listed in 
Table  4 .

       2.    Mobile phase for sample trapping (fi rst dimension separation) 
A: methanol with 10 mM Formic acid, B: Water with 10 mM 
formic acid.   

   3.    Mobile phase for analytical separation (second dimension sepa-
ration) B: Acetonitrile with 10 mM Formic acid, B: Water with 
10 mM formic acid.   

   4.    Injection volume: 75 μL.   
   5.    Syringe cleaning: two washes each with wash solutions A, B.   
   6.    Injection valve cleaning: two washes each with wash solutions 

A, B.      

       1.    Mass transitions for dansylated  free estradiol   and d3-estradiol 
are listed in Table  5 .

       2.    Optimized mass spectrometric voltages and gas fl ow rates are 
as follows:
   (a)    Curtain Gas: 30.0.   
  (b)    Ion spray voltage: 5000 V.   

3.3  Chromato-
graphic Conditions

3.4  Mass 
 Spectrometer   
Conditions

   Table 4  
  Chromatographic gradient   

  Loading pump  
 Step  Time (min)  Flow (mL/min)  %A  %B  Wash A 
 1  0.0  1.0  90  10 
 2  0.1  1.0  90  10 
 3  0.2  1.0  30  70 
 4  0.5  1.0  30  70 
 5  1.0  1.0  2  98 
 6  1.5  1.0  2  98 
 7  3.3  2.0  100 
 8  4.8  2.0  100 
 9  4.9  1.0  90  10 
 10  8.77  1.0  90  10 

  Eluting pump  
 Step  Time (min)  Flow (ml/min)  %A  %B 
 1  0  0.7  50  50 
 2  1.1  0.7  50  50 
 3  1.5  0.7  49  51 
 4  3.3  0.7  34.2  65.8 
 5  4.8  0.7  23  77 
 6  4.9  0.7  22  78 
 7  8.0  0.7  5  95 
 8  8.6  0.7  5  95 
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  (c)    Gas 1 and 2: both set at 50.0.   
  (d)    Collision gas: 10.0.   
  (e)    Declustering potential: 210 V.   
  (f)    Entrance potential: 10.0.   
  (g)    Collision exit potential: 13.0.       

   3.    Mass analyzer Q1 is tuned for unit resolution (0.7 Da at 50 % 
height) and Q3 tuned for low resolution (1.0 Da at 50 % 
height).      

       1.    Data analysis is performed on Analysis 1.6.2 (Applied 
Biosystems SCIEX, Foster City, CA).   

   2.    Calibration curve for  free estradiol   is prepared with every batch 
of samples in 0.05 % BSA. The regression is linear forced 
through zero with no weighting applied.   

   3.    Concentrations are determined from the quantitative transi-
tions of  estradiol  .   

   4.    Specifi city of the analysis is evaluated using ratios of concentra-
tions determined from the primary and the secondary mass 
transitions. If in patient samples the ratio of concentrations 
determined from the primary (506.2/171.1) and the second-
ary mass transitions (506.2/156.1) would be outside of the 
acceptability range i.e., outside of ±30 %, interference may be 
expected and the sample may be retested only after dialyzing 
again.   

   5.    Each chromatogram should be evaluated for acceptable peak 
shape and peak area (Fig.  2 ).

4            Comments 

     1.    The method does not allow more than one injection per sample.   
   2.    The method does not allow dilution.   

3.5  Data Analysis

   Table 5  
  Mass transitions and voltages for dansylated  free estradiol   and d3- estradiol     

 Q1 mass (Da)  Q3 mass (Da)  Dwell (ms)  Collison energy, V  Transition ID 

 506.2  171.1  100  45   Estradiol   primary 

 506.2  156.1  100  75   Estradiol   secondary 

 509.2  171.1  100  45  d3- estradiol   primary 

 509.2  156.1  100  75  d3- estradiol   secondary 
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   3.    Derivatized samples degrade if stored beyond 5–6 h at −4 °C. 
Therefore it is not recommended to run more than 70 samples 
(including controls and calibrators) per run.   

   4.    Concentration of  free estradiol   in the negative control 
should be below the limit of quantitation of the method 
(0.5 pg/mL).   

   5.    If a run contains a sample with concentration of  free estradiol   
greater than 60 pg/mL, the following sample should be evalu-
ated for carryover. To evaluate for carryover the sample should 
be re-extracted.         

  Acknowledgement 

 We thank ARUP Institute for Clinical and Experimental Pathology® 
for supporting this project.  

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Time, min

1.0e4

3.0e4

5.0e4

7.0e4

9.0e4

1.1e5

1.3e5
5.74

In
te

ns
it
y,

 c
ps

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

200

600

1000

1400

1800

2200

2600

2984
5.76

Analyte

Internal standard

  Fig. 2    Chromatograms of primary mass transitions of  free estradiol   (m/z) 506.2/171.1 and internal standard 
(m/z) 509.2/171.1 in a patient serum sample with concentration 0.59 pg/mL (2.2 pmol/L)       
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    Chapter 13   

 Quantifi cation of γ-Aminobutyric Acid in Cerebrospinal 
Fluid Using Liquid Chromatography-Electrospray Tandem 
Mass Spectrometry       

     Erland     Arning       and     Teodoro     Bottiglieri      

  Abstract 

   We describe a simple stable isotope dilution method for accurate and precise measurement of γ-aminobutyric 
acid (GABA), a major inhibitory neurotransmitter in human cerebrospinal fl uid (CSF) as a clinical diag-
nostic test. Determination of GABA in CSF (50 μL) was performed utilizing high performance liquid 
chromatography coupled with electrospray positive ionization tandem mass spectrometry (HPLC-
ESI- MS/MS). Analysis of free and total GABA requires two individual sample preparations and mass 
spectrometry analyses. Free GABA in CSF is determined by a 1:2 dilution with internal standard (GABA-D 2 ) 
and injected directly onto the HPLC-ESI-MS/MS system. Determination of total GABA in CSF requires 
additional sample preparation in order to hydrolyze all the bound GABA in the sample to the free form. 
This requires hydrolyzing the sample by boiling in acidic conditions (hydrochloric acid) for 4 h. The 
sample is then further diluted 1:10 with a 90 % acetonitrile/0.1 % formic acid solution and injected into 
the HPLC-ESI-MS/MS system. Each assay is quantifi ed using a fi ve-point standard curve and is linear 
from 6 nM to 1000 nM and 0.63 μM to 80 μM for free and total GABA, respectively.  

  Key words      GABA    ,    Cerebrospinal fl uid    ,    Seizures    ,    Mass spectrometry    

1      Introduction 

 γ-aminobutyric acid ( GABA  ), a primary inhibitory neurotransmitter 
in the brain, is synthesized from glutamate by the pyridoxine- 
dependent enzyme glutamic acid decarboxylase (GAD). The fi rst 
step in the catabolism of GABA involves degradation to succinic 
semialdehyde in a reaction catalyzed by GABA-transaminase 
(GABA-T).  Succinic acid   is then converted to succinic semialdehyde 
by the enzyme succinic semialdehyde dehydrogenase (SSADH). 
GABA is also present in non-neuronal tissues and may exist in 
peripheral and central tissues in the form of a dipeptide with histi-
dine, as a compound known as homocarnosine [ 1 ]. Several inher-
ited disorders of GABA metabolism have been identifi ed; these are 
SSADH defi ciency, GABA-T defi ciency, and homocarnosinosis [ 2 ]. 
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The latter two are extremely rare and require CSF determination 
of both free and total GABA. The clinical presentation of these 
cases may vary considerably and include psychomotor retardation, 
convulsions, ataxia, hypotonia, hyperrefl exia, and delayed speech 
development. In addition an autosomal recessive disorder has been 
characterized in a group of patients with pyridoxine- dependent  sei-
zures   [ 3 ]. In these cases the presumed abnormality is due to 
reduced binding of pyridoxal-5-phosphate to GAD. Elevation of 
CSF free and total GABA is characteristic of GABA-T and SSADH 
defi ciency, whereas low CSF GABA has been reported in pyridoxal-
5-phosphate-dependent seizures. 

 Several methods for determination of free and total  GABA   in 
CSF have been published utilizing  HPLC   with pre- or post- column 
 derivatization  . A variety of detection methods for determining 
CSF GABA have been developed ranging from HPLC-fl uorescence 
[ 4 ], HPLC-electrochemical detection [ 5 ], GC-MS [ 6 ], CE-MS 
[ 7 ], and LC-MS [ 8 ]. Many of these methods employ lengthy and 
labor-intensive sample preparation and  derivatization   prior to anal-
ysis. We have developed a method which involves a simple sample 
preparation for both free and total GABA which does not require 
prior sample cleanup or derivatization. Analysis of both free and 
total GABA requires two individual sample preparations and analy-
ses. Free GABA is performed by simple stable isotope dilution 
(1:2) followed by analysis by HPLC-ESI-MS/MS. Extra care must 
be taken to ensure accurate determination of free  GABA   in CSF 
caused by delayed freezing and/or repeated freeze/thaw cycles 
will result in an artifactual increase in free GABA resulting from the 
breakdown of bound GABA. Analysis of total GABA requires boil-
ing the CSF sample in the presence of 6 N hydrochloric acid (HCl) 
for 4 h to ensure complete hydrolysis of all bound GABA. Following 
boiling step, sample is diluted 1:10 with a 90 % acetonitrile/0.1 % 
formic acid solution and analyzed by HPLC-ESI-MS/MS.  

2    Materials 

   Human lumbar  cerebrospinal fl uid  —Specimen drawn any time 
during the day will be acceptable. No patient preparation is 
required. If the spinal fl uid is clear, the sample should be immedi-
ately frozen at the bedside on dry ice. If blood contaminated, the 
sample should be placed on wet ice, centrifuged within 5 min, and 
the clear CSF transferred to another vial and frozen on dry ice 
( see   Note 1  for more information regarding sample stability).  

       1.    All the reagents should be ACS or  HPLC   grade.   
   2.    Mobile Phase A (0.5 % formic acid/0.25 % heptafl uorobutyric 

acid in water): In a hood, add 5 mL of formic acid and 2.5 mL 
of heptafl uorobutyric acid to a 1 L volumetric fl ask, bring to 

2.1  Samples

2.2  Solvents 
and Reagents
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volume with water, and mix. Stable at room temperature, 
18–24 °C, up to 3 months.   

   3.    Mobile Phase B (0.5 % formic acid/0.25 % heptafl uorobutyric 
acid in acetonitrile): In a hood, add 5 mL of formic acid and 
2.5 mL of heptafl uorobutyric acid to a 1 L volumetric fl ask, 
bring to volume with acetonitrile, and mix. Stable at room 
temperature, 18–24 °C, up to 3 months.   

   4.    Deproteinizing solution (90 % acetonitrile/0.1 % formic acid 
in water): Add 45 mL of acetonitrile and 50 μL formic acid to 
a 50 mL volumetric fl ask. Bring to volume with water and mix. 
Stable at room temperature, 18–24 °C, up to 3 months.   

   5.    10× Artifi cial CSF (aCSF): 1450 mM NaCl, 27 mM KCl, 
10 mM MgCl 2 , 12 mM CaCl 2 , 20 mM Na 2 HPO 4 .
   (a)    Weigh the following and combine in 100 mL volumetric 

fl ask containing 50 mL water: 8.474 g NaCl, 0.201 g KCl, 
0.203 g MgCl 2 , 0.176 g CaCl 2 , 0.284 g Na 2 HPO 4 .   

  (b)    Bring to volume with water.   
  (c)    Add small magnetic stir bar and mix on magnetic stirrer 

until dissolved.   
  (d)    Adjust pH to 7.4 with 85 % phosphoric acid.   
  (e)    Store at 2–8 °C for up to 1 year.    

      6.    1× aCSF: Add 1 mL 10× aCSF to a 10 mL volumetric fl ask and 
bring to volume with water. 1× aCSF is stable for up to 8 h at 
2–8 °C and must be made fresh daily.      

       1.    Primary standard:  GABA   (γ-aminobutyric acid) (Sigma-Aldrich).   
   2.    Primary internal standard (I.S.):  GABA  -D 2  ( 2 H 2 -γ-

aminobutyric acid) (CDN Isotopes).   
   3.     GABA   Standard Stock Solution (1 mM): Add 10.3 mg GABA 

to 100 mL volumetric fl ask, bring to volume with 0.1 M HCl, 
and mix. Store in 200 μL aliquots at −80 °C for up to 4 years 
( see   Note 2 ).   

   4.     GABA  -D 2  I.S. Stock Solution (1 mM): Add 10.5 mg GABA-D 2  
to 100 mL volumetric fl ask, bring to volume with 0.1 M HCl, 
and mix. Store in 200 μL aliquots at −80 °C for up to 4 years 
( see   Note 2 ).   

   5.    I.S. Working Solution (Free  GABA  -2 μM GABA-D 2  in 1× 
aCSF and Total GABA 40 μM GABA-D 2  in 1× aCSF).
    (a)    Free  GABA   I.S. Working Solution: Combine 2 μL 1 mM 

GABA-D 2  with 998 μL of 1× aCSF and mix well by vor-
tex. Stable at 2–8 °C for up to 8 h.   

  (b)    Total  GABA   I.S. Working Solution: Combine 40 μL 
1 mM GABA-D 2  with 960 μL of water and mix well by 
vortex. Stable at 2–8 °C for up to 8 h.    

2.3  Internal 
Standards 
and Standards
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             1.    Calibrators: Free  GABA   Working Standard Curve, dilute stock 
solutions of GABA as follows:
   (a)    Dilution A (100 μM): Add 100 μL of  GABA   1 mM stock 

solution to 900 μl of 1× aCSF and mix well by vortex.   
  (b)    Dilution B (10 μM): Add 100 μL Dilution A to 900 μL of 

1× aCSF and mix well by vortex.   
  (c)    Dilution C (1 μM): Add 100 μL Dilution B to 900 μL of 

1× aCSF and mix well by vortex.   
  (d)    Working Standard Curve (25–400 nM): Add 400 μl of 

Dilution C to 600 μl of 1× aCSF and mix well by vortex. 
Perform four additional serial dilutions by adding 500 μl 
of previous standard to 500 μl of 1× aCSF. This will pro-
vide a calibration curve of (400, 200, 100, 50, 25 nM). 
Working standard curve may be stored in the refrigerator 
at 4 °C for up to 8 h ( see   Note 3 ).    

      2.    Calibrators: Total  GABA   Working Standard Curve, dilute 
stock solutions of GABA as follows: 

 Working Standard Curve (2.5–40 μM): Add 40 μL of 
 GABA   1 mM stock solution to 960 μl of 1× aCSF and mix well 
by vortex. Perform four additional serial dilutions by adding 
500 μl of previous standard to 500 μl of 1× aCSF and mix well 
by vortex. This will provide a calibration curve of (40, 20, 10, 
5, 2.5 μM). Working standard curve may be stored in the 
refrigerator at 4 °C for up to 8 h ( see   Note 3 ).   

   3.    Control: Free  GABA   Low Control (60–100 nM target value):
   (a)    Prepare 10 mL pooled CSF.   
  (b)    Assay pooled CSF (10 mL) to quantitate the native con-

centration of free  GABA  .   
  (c)    Spike or dilute pooled CSF with diluted stock standard or 

water to obtain a fi nal concentration of 60–100 nM free 
 GABA  . Store in 80 μL aliquots at −80 °C for up to 4 years 
( see   Notes 1  and  3 ).    

        *Example: Pooled CSF free  GABA   = 30 nM; add 300 μL 1 μM 
GABA to 9.7 mL of the pooled CSF.   

   4.    Control: Free  GABA   High Control (300–400 nM target value):
   (a)    Prepare 10 mL pooled CSF.   
  (b)    Assay pooled CSF (10 mL) to quantitate the native con-

centration of free  GABA  .   
  (c)    Spike or dilute pooled CSF with diluted stock standard or 

water to obtain a fi nal concentration of 300–400 nM free 
 GABA  . Store in 80 μL aliquots at −80 °C for up to 4 years 
( see   Notes 1  and  3 ).    

        *Example: Pooled CSF free  GABA   = 50 nM; add 300 μL 
10 μM GABA to 9.7 mL of the pooled CSF.   

2.4  Calibrators 
and Controls

Erland Arning and Teodoro Bottiglieri
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   5.    Control: Total  GABA   Low Control (4–8 μM target value):
   (a)    Prepare 10 mL pooled CSF.   
  (b)    Assay pooled CSF (10 mL) to quantitate the native con-

centration of total  GABA  .   
  (c)    Spike or dilute pooled CSF with diluted stock standard or 

water to obtain a fi nal concentration of 4–8 μM total 
 GABA  . Store in 80 μL aliquots at −80 °C for up to 4 years 
( see   Note 2 ).    

        *Example: Pooled CSF total  GABA   = 6 μM; no additional dilu-
tion necessary. To obtain target value pooled CSF may need to 
be either diluted with phosphate buffered saline or spiked with 
diluted standard.   

   6.    Control: Total  GABA   High Control (30–40 μM target value):
   (a)    Prepare 10 mL pooled CSF.   
  (b)    Assay pooled CSF (10 mL) to quantitate the native con-

centration of total  GABA  .   
  (c)    Spike or dilute pooled CSF with diluted stock standard or 

water to obtain a fi nal concentration of 30–40 μM total 
 GABA  . Store in 80 μL aliquots at −80 °C for up to 4 years 
( see   Note 2 ).    

        *Example: Pooled CSF total  GABA   = 30 μM; add 300 μL of 
1 mM GABA to 9.7 mL of the pooled CSF.      

       1.    Shimadzu Prominence liquid chromatograph system with AB 
Sciex 4000QTRAP ®  with Analyst software.   

   2.    Analytical Column: Phenomenex EZfaast, 3 μm, 250 × 2 mm.   
   3.    Guard Column: Phenomenex Security Guard, 5 μm, 4 × 3 mm.   
   4.    Electric skillet.   
   5.    Metal 1.5 mL screw-top rack.   
   6.    1.5 mL microcentrifuge tubes.       

3    Methods 

       1.    To labeled 1.5 mL microcentrifuge tubes, pipette 50 μL CSF 
(calibrators, controls, patient CSF).   

   2.    Add 50 μL of Free  GABA   I.S. Working Solution.   
   3.    Cap and vortex mix tubes at maximum speed for 3 s.   
   4.    Centrifuge for 5 min at 14,000 ×  g .   
   5.    Transfer 90 μL supernatant into corresponding work list posi-

tion in 96-well microtiter plate and cover with silicone cover.   
   6.    Place completed 96-well microtiter plate onto refrigerated 

autosampler (4 °C).   

2.5  Analytical 
Equipment 
and Supplies

3.1  Sample 
Preparation 
(Free  GABA  )
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   7.    Inject 10 μL of sample onto HPLC-ESI-MS/MS. 
Representative HPLC-ESI-MS/MS ion chromatograms for 
free  GABA   and I.S. are shown in Fig.  1  ( see   Notes 4  and  5 ).

              1.    To labeled 1.5 mL microcentrifuge tubes, pipette 50 μL CSF 
(calibrators, controls, patient CSF).   

   2.    Add 50 μL of Total  GABA   I.S. Working Solution.   
   3.    Add 200 μL 6 N HCl.   
   4.    Cap and vortex mix tubes at maximum speed for 3 s.   
   5.    Place tubes in metal rack with screw-top rack.   
   6.    Place metal rack with tubes in electric skillet fi lled set at 300 °C 

fi lled with water.   
   7.    Boil samples for 4 h.   
   8.    After boiling, remove samples and allow to reach room 

temperature.   
   9.    Centrifuge for 1 min at 14,000 ×  g .   
   10.    To new labeled 1.5 mL microcentrifuge tubes, add 180 μL 

deproteinizing solution.   

3.2  Sample 
Preparation 
(Total  GABA  )

  Fig. 1    HPLC-ESI-MS/MS ion chromatogram of  GABA   1 (m/z 104.1 > 87.1), GABA 2 (m/z 104.1 > 69.1), GABA-D 2  
(m/z 106.0 > 89.1). Concentration of GABA shown is 169 nM       
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   11.    Transfer 20 μL of hydrolyzed (boiled) sample to 1.5 mL tube 
and mix well by vortex.   

   12.    Centrifuge for 5 min at 14,000 ×  g .   
   13.    Transfer 160 μL supernatant into corresponding work list posi-

tion in 96-well microtiter plate and cover with silicone cover.   
   14.    Place completed 96-well microtiter plate onto the autosampler.   
   15.    Inject 10 μL of sample onto HPLC-ESI-MS/MS. 

Representative HPLC-ESI-MS/MS ion chromatograms for 
free  GABA   and I.S. are shown in Fig.  2  ( see   Notes 4  and  5 ).

              1.    Instrumental operating parameters are given in Table  1  A, B, 
and C.

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

analyte/I.S. peak-area ratio (y) versus analyte concentration 
(x) using the primary ions indicated in Table  2 .

       4.    Acceptability of each run is confi rmed if the calculated control 
concentrations fall within two standard deviations of the target 
values. Inter-day precision was evaluated by repeated analysis 

3.3  Data Analysis

  Fig. 2    HPLC-ESI-MS/MS ion chromatogram of  GABA   1 (m/z 104.1 > 87.1), GABA 2 (m/z 104.1 > 69.1), GABA-D 2  
(m/z 106.0 > 89.1). Concentration of GABA shown is 8.8 μM       
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   Table 1  
  HPLC-ESI-MS/MS operating conditions   

  A.    HPLC     (Free GABA)     a  

 Column temp.  40 °C 

 Flow rate  0.230 mL/min 

 Gradient  Time (min)  Mobile phase A (%) 

 0  90 

 5  25 

 5.1  0 

 6  0 

 6.1  90 

 10  Stop 

  B.    HPLC     (Total GABA)     a  

 Column temp.  40 °C 

 Flow rate  0.230 mL/min 

 Gradient  Time (min)  Mobile phase A (%) 

 0  90 

 4  40 

 4.1  90 

 8  Stop 

  C. MS/MS tune settings  b  

 Entrance potential (V)  10 

 Curtain gas (psi)  10 

 CAD gas  Medium 

 Ion spray (V)  5500 

 Temp. (°C)  600 

 GS1 (psi)  40 

 GS2 (psi)  40 

 Resolution Q1 and Q3  Unit 

   a Optimized for Shimadzu Prominence  liquid chromatography   system equipped with 
Phenomenex EZfasst, 3 μm, 250 × 2 mm analytical column; Mobile phase A: 0.5 % for-
mic acid-0.25 % heptafl uorobutyric acid in water; Mobile phase B: 0.5 % formic acid- 
0.25 % heptafl uorobutyric acid in methanol 
  b Optimized for AB Sciex 4000QTRAP ® . Tune settings may vary slightly between 
instruments  

Erland Arning and Teodoro Bottiglieri



117

of bi-level QC material analyzed in duplicate over a period of 
20 different days.   

   5.    Limits for the ratio of primary to secondary product ion areas 
are used to increase the specifi city of the assay for  GABA   and 
are established for each assay from the calibration curve. 
Calculated MRM ratio ranges from 20 to 24 %.   

   6.     Liquid chromatography   retention time window limits for 
 GABA   and GABA-D2 are set at [Free] 4.2 and 4.2 (±0.2) min; 
[Total] 2.8 and 2.8 (±0.2) min, respectively.   

   7.    The assays have a lower limit of quantitation of 6 nM and 
0.63 μM for free and total  GABA  , respectively, with precisions 
of <6 % over the entire range.  See   Note 6  for information 
regarding ion suppression studies.  See  Table  3  for age-specifi c 
reference range [ 6 ].

4            Notes 

     1.    Approximately 98 % of  GABA   in CSF is present in the bound 
form as homocarnosine, homoanserine, GAB-lysine, GABA- 
cystathionine, and possibly other unknown GABA conjugates 
[ 9 ,  10 ]. Efforts should be made to prevent controls and patient 
samples from sitting at room temperature, on wet ice, or at 
4 °C for any extended period of time to prevent artifactual 
increases in free GABA due to hydrolysis of bound GABA.   

   Table 2  
   HPLC  -ESI-MS/MS operating conditions   

 Compound  Q1 (m/z)  Q3 (m/z)  Dwell time (ms)  DP (V)  CE (V)  CXP (V) 

  GABA   1  104.1 a   87.1 a,b   300  36  15  6 

  GABA   2  104.1 a   69.1 a,c   300  36  23  4 

 GABA-   D 2   106 a   89.1 a,b   300  26  15  6 

   a Optimized m/z may change based on tuning parameters and instrument used 
  b Primary ions for  GABA   quantifi cation 
  c Secondary ion used for MRM ratio  

   Table 3  
  Age-specifi c reference range for CSF  GABA   (total and free)   

 Age  Free  GABA   (nmol/L)  Total  GABA   (μmol/L) 

 <2 years  17–67  4.2–13.4 

 >2 years  32–170  3.3–12.2 

   See  ref. [ 6 ]  
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   2.    Individual sets of  GABA   Standard Stock Solution, GABA-D2 
I.S. Stock Solution, controls can be pre-aliquoted and frozen 
until use in each analytical run. For each set pipette 80 μL of 
stock standard/control solution into 1.5 mL microfuge tubes 
and freeze at −80 °C until use. Thaw completely before use. 
Stable for 4 years at −80 °C.   

   3.    A new standard curve (free and total  GABA  ) should be prepared 
with each analytical run to optimize method performance.   

   4.    Analysis of free  GABA   should be started immediately upon 
fi nishing sample preparation. Assay for free GABA will have to 
be re-extracted if there is delayed testing (>2 h) due to equip-
ment failure or other delays.   

   5.    The controls are analyzed at the beginning of analysis, every fi ve 
unknowns, and at the end of the assay as analysis verifi cation.   

   6.    Ion suppression effects were evaluated by sample infusion 
method. No signifi cant interferences or ion suppression was 
identifi ed.         
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    Chapter 14   

 Quantitation of Insulin Analogues in Serum Using 
Immunoaffi nity Extraction, Liquid Chromatography, 
and Tandem Mass Spectrometry       

     J.     Grace     Van Der     Gugten    ,     Sophia     Wong    , and     Daniel     T.     Holmes      

  Abstract 

   Insulin analysis is used in combination with glucose, C-peptide, beta-hydroxybutyrate, and proinsulin 
determination for the investigation of adult hypoglycemia. The most common cause is the administration 
of too much insulin or insulin secretagogue to a diabetic patient or inadequate caloric intake after admin-
istration of either. Occasionally there is a question as to whether hypoglycemia has been caused by an 
exogenous insulin—whether by accident, intent, or even malicious intent. While traditionally this was 
confi rmed by a low or undetectable C-peptide in a hypoglycemic specimen, this fi nding is not entirely 
specifi c and would also be expected in the context of impaired counter-regulatory response, fatty acid 
oxidation defects, and liver failure—though beta-hydroxybutyrate levels can lend diagnostic clarity. For 
this reason, insulin is often requested. However, popular automated chemiluminescent immunoassays for 
insulin have distinctly heterogeneous performance in detecting analogue synthetic insulins with cross- 
reactivities ranging from near 0 % to greater than 100 %. The ability to detect synthetic insulins is vendor- 
specifi c and varies between insulin products. Liquid Chromatography and Tandem Mass Spectrometry 
(LC-MS/MS) offers a means to circumvent these analytical issues and both quantify synthetic insulins and 
identify the specifi c type. We present an immunoaffi nity extraction and LC-MS/MS method capable of 
independent identifi cation and quantitation of native sequence insulins (endogenous, Insulin Regular, 
Insulin NPH), and analogues Glargine, Lispro, Detemir, and Aspart with an analytical sensitivity for 
endogenous insulin of between 1 and 2 μU/mL in patient serum samples.  

  Key words      Hypoglycemia    ,    Insulin    ,    C-peptide    ,    Tandem mass spectrometry    ,    Lispro    ,    Glargine    ,   Detemir  , 
   Aspart    ,    Humulin    ,    Lantus    ,    Humalog    ,    Levemir    ,    Novorapid    

1      Introduction 

 Spontaneous  hypoglycemia   is a clinical scenario for which endo-
crinologists and internists occasionally require specialized analysis 
and consultation with Clinical Chemists and Pathologists. While 
the most common cause of hypoglycemia is unintentional over- 
administration of exogenous  insulin   or insulin secretagogue to a 
diabetic patient, there are many other medications reported to 
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cause hypoglycemia in the general patient population [ 1 ]. Adult 
spontaneous  hypoglycemia   due to endogenous hyperinsulinism 
has a number of more diagnostically challenging etiologies. In par-
ticular, it can be caused by  insulin   secreting tumors of the pancreas 
(“insulinomas”), the insulin autoantibody syndrome (“Hirata 
Disease”), and activating antibodies to the insulin receptor. 
Insulinoma is generally identifi ed by the development of physio-
logically inappropriate insulin and  C-peptide   levels in the context 
of hypoglycemia during a monitored 72 h fast. Very rarely hypo-
glycemia can be caused by the production of insulin-like growth 
factor II which presents as a paraneoplastic syndrome associated 
with large tumors of mesenchymal or epithelial origin [ 2 ]. 

 Occasionally, the question arises as to whether a patient has 
accidentally or intentionally received or self-administered  insulin   or 
an insulin secretagogue. For insulin secretagogues, serum and 
urine obtained at or as near as possible to the time of the hypogly-
cemic event can be screened for the relevant drugs by  liquid chro-
matography   and tandem mass  spectrometry   (LC-MS/ MS  ) or by 
other related approaches [ 1 ]. The matter of detection of syntheti-
cally manufactured insulin is more challenging. 

 Exogenous  insulin   comes in six formulations in North America: 
Insulin Regular ( Humulin   ®  R), Insulin NPH (Novolin ® ), Insulin 
Glargine (Lantus ® ), Insulin Lispro (Humalog ® ), Insulin Detemir 
(Levemir) ® , Insulin Aspart (Novolog ® /Novorapid ® ), and Insulin 
Glulisine (Apidra ® ). Insulin Regular and Insulin NPH have the 
same amino acid sequence as endogenous human insulin but are 
synthetically manufactured. The remainder of these insulins have 
one or more amino acid substitutions or additions, with the excep-
tion of Insulin Detemir, which has myristic acid attached lysine at 
amino acid B29, i.e., the 29th amino acid of the insulin B chain. 

 Popular commercial automated chemiluminescent immunoas-
says IAs for  insulin   have widely variable cross-reactivity for the syn-
thetic insulins with the exception of  Insulin   Regular and Insulin 
NPH, which will be detected by any commercial IA. The cross- 
reactivity profi le of the commercial IAs has been characterized by 
various studies [ 3 – 5 ]. For example, the Roche Cobas methods 
detects only natural-sequence insulins, whereas the Siemens 
Centaur has excellent cross-reactivity with all the synthetic insulins 
mentioned except for Insulin Detemir for which cross-reactivity is 
moderate (~30 %) and Insulin Glulisine, for which it is poor 
(2–8 %) [ 5 ]. In the setting of insulin-mediated hypoglycemia, mea-
surement of synthetic insulin is only of value if the assay happens to 
detect the analogue of interest to a meaningful extent. Reliable 
quantitation of analogue insulins will obviously be problematic by 
any IA. Generally, a hypoglycemic specimen showing a low or 
undetectable  C-peptide   without evidence of an appropriate ketone 
response indicates exogenous insulin use [ 1 ]. However, there are 
circumstances where it may be desirable to (1) accurately quantify 

J. Grace Van Der Gugten et al.



121

synthetic insulin and/or (2) positively identify the specifi c ana-
logue insulin. These situations include accidental administration 
(medication error), intention to harm, intention to self-harm, 
Munchausen Syndrome, and Munchausen Syndrome by Proxy, for 
doping control purposes in sport and forensic analysis. 

 Signifi cant efforts have been made to establish for  insulin   using 
LC-MS/ MS  . Initial approaches were qualitative and involved 
immunoaffi nity extraction and LC-MS/MS [ 6 ]. Although meth-
ods have generally focused on serum or  plasma  , analysis of urine [ 7 ] 
and vitreous humor [ 8 ] is reported and methods have also been 
extended to insulin degradation products [ 9 ]. 

 In addition to immunoaffi nity extraction with paramagnetic 
beads, quantitative methods using mass spectrometric immuno-
assay (MSIA) have been described wherein  insulin   is extracted 
using a “disposable automated research [pipette] tip” (DART) 
fi lled with antibody-coated beads, eluted and analyzed using 
 liquid chromatography   and high resolution mass  spectrometry   
[ 10 ,  11 ]. An antibody-free method for endogenous insulin 
employing, reduction of disulfi de bonds, solid phase extraction 
and  LC-MS/MS   analysis of the B chain is also reported [ 12 ]. 
Finally, SPE followed by 2-dimensional chromatography has 
also been successfully applied to insulin analog testing [ 13 ]. 

 We report a protocol for  insulin   using immunopurifi cation 
with antibody-coated beads, followed by elution and high-fl ow 
1-dimensional  LC-MS/MS   analysis on the ABSCIEX API-5500 
system operating in positive ion mode. The method uses 500 μL 
of human serum spiked with Bovine  Insulin   as internal standard 
and simultaneously detects and quantifi es Insulin Regular/NPH/
endogenous Insulin, and Insulins Glargine,  Lispro  , Detemir, and 
 Aspart  . Observed recoveries are 91–113 % in spiking experiments 
into a single sample at concentrations ranging from 2.5 to 
100 μU/mL.  

2    Materials 

   Serum from gel-free red-top tubes has been evaluated. EDTA 
 plasma   and heparin plasma collected in gel-free tubes are expected 
to be suitable samples. No evaluation of gel-separator tubes has 
been undertaken.  

       1.    Bovine Serum  Albumin  , Fraction V, Omnipur ®  (EMD 
Millipore. Billerica, MA).   

   2.    100 mg/mL BSA: Add 100 mL of DI water to 10 g of BSA. 
Mix and/or sonicate until dissolved.   

   3.    Phosphate buffered saline (PBS) tablets (Sigma-Aldrich, 
St. Louis, MO).   

2.1  Samples

2.2  Solvents 
and Reagents
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   4.    PBS buffer: dissolve 1 tablet in 200 mL of deionized (DI) 
water. Store at 2–8 °C. Expected stability: up to 6 months.   

   5.    Dextran Sulfate, Sodium Salt (Fisher BioReagents, Waltham, MA).   
   6.    Magnesium Chloride, anhydrous >98 % (Sigma-Aldrich, St. 

Louis, MO).   
   7.    Delipidation Reagent (5 g/L Dextran Sulfate and 0.5 M 

Magnesium Chloride): Dissolve 0.05 g Dextran Sulfate and 
0.565 g Magnesium Chloride in 10 mL of DI Water. Expected 
stability: 6 months at 2–8 °C.   

   8.    Mobile Phase A (0.1 % acetic acid in water): Add 1 mL of ace-
tic acid to 1 L of DI water. Mix well. Expected stability: 3 
months at room temperature.   

   9.    Mobile Phase B (0.1 % acetic acid in 75:25 Acetonitrile:
Isopropanol): Mix 750 mL of acetonitrile with 250 mL of 
isopropanol. Add 1 mL of acetic acid. Mix well. Expected 
stability: 3 months at room temperature.   

   10.    2 % acetic acid in water: Add 2.0 mL of acetic acid to 98 mL of 
DI water. Mix well. Expected stability: 3 months at room 
temperature.   

   11.    1 % acetic acid in water: Add 1.0 mL of acetic acid to 99 mL of 
DI water. Mix well. Expected stability: 3 months at room 
temperature.   

   12.    Steroid Free Serum (SFS), DC Mass Spect Gold (Golden West 
Biologicals, Temecula, CA, cat #MSG-4000) ( see   Note 1 ).   

   13.    Pooled human serum: pool discarded, anonymized pooled 
human serum samples that show undetectable endogenous 
 insulin   by a sensitive immunoassay. Store at −70 °C ( see   Note 2 ).   

   14.    An appropriately prepared antibody-coated paramagnetic bead 
suspension ( see   Note 3 ).      

        1.     Insulin   analogues can be obtained from a hospital or outpatient 
pharmacy or from the respective companies, all at 100 U/mL 
in solution:
   (a)    Lantus ® — Insulin    Glargine  , rDNA origin (Sanofi  Aventis).   
  (b)    Humalog ® — Insulin    Lispro  , rDNA Origin (Lilly).   
  (c)    Humulin ®  R—human biosynthetic, rDNA origin regular 

(Lilly).   
  (d)    NovoRapid ® — Insulin    Aspart   (NovoNordisk Canada).   
  (e)    Levemir ® — Insulin   Detemir (NovoNordisk Canada).    

      2.    Prepare 1 U/mL stock solutions of each  insulin   by adding 
10 μL of the 100 U/mL solutions to 990 μL of 2 % acetic acid 
( see   Note 4 ). Prepare and store all solutions in Eppendorf 
LoBind tubes. Store at −70 °C.   

2.3  Internal 
Standards 
and Standards
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   3.    Bovine  Insulin   (internal standard), ≥27 U/mg ( HPLC  ) powder 
(Sigma-Aldrich, St. Louis, MO).   

   4.    Bovine  Insulin   stock solution (~54 U/mL) in 2 % acetic acid: 
Prepare a solution of 2 mg/mL Bovine Insulin in 2 % acetic 
acid, noting that 2 mg/mL x ≥ 27 U/mg = ≥ 54 U/
mL. Prepare in Eppendorf LoBind tubes. Store at −70 °C.   

   5.    Prepare working solutions of the Bovine  Insulin  :
   (a)    ~1.08 U/mL in 2 % acetic acid: Aliquot 20 μL of the 

54 U/mL stock solution in 0.98 mL of 2 % acetic acid. 
Mix well. Aliquot to Eppendorf LoBind tubes. Store at 
−70 °C.   

  (b)    ~10.8 mU/mL in 2 % acetic acid: Aliquot 10 μL of the 
~1.08 U/mL working solution to 990 μL of 2 % acetic 
acid. Mix well. Aliquot to Eppendorf LoBind tubes. Store 
at −70 °C.    

      6.    Prepare the Bovine  Insulin   internal standard spiking solution 
(~540 μU/mL) in 20 % acetonitrile: Dilute the ~10.8 mU/mL 
Bovine Insulin working solution 20-fold into 20 % acetonitrile in 
DI water. Aliquot to Eppendorf LoBind tubes. Store at −70 °C.      

       1.    Working solutions of the insulins using the stock solutions 
prepared in Subheading  2.3 :
   (a)    Prepare 10 mU/mL mixed working solution containing 

 Glargine  ,  Lispro  ,  Aspart  , and Detemir: Add 10 μL of each 
 insulin   Glargine, Lispro, Aspart, and Detemir stock at 
1 U/mL to 960 μL of 20 % acetonitrile solution. Mix well. 
Aliquot 100 μL to 10 labeled Eppendorf LoBind tubes 
and store immediately at −70 °C.   

  (b)    Prepare 10 mU/mL working solution containing  Insulin   
Regular only: Add 10 μL of the Insulin Regular stock at 
1 U/mL to 990 μL of 20 % acetonitrile. Mix well. Aliquot 
100 μL to 10 labeled Eppendorf LoBind tubes and store 
immediately at −70 °C ( see   Note 5 ).    

      2.    Calibrators:
   (a)    Mixed  insulin   calibrator in pooled human serum: Add 

20 μL of 10 mU/mL mixed insulin working solution to 
1.98 mL of pooled human serum to prepare the 100 μU/
mL (high) mixed insulin calibrator. Mix well. Dilute 
directly into the appropriate wells of a BSA-treated 
96-well plate as shown in Table  1  to prepare 6 calibrators 
(2.5–100 μU/mL).

      (b)     Insulin   Regular calibrator in SFS: Add 20 μL of 10 mU/mL 
Insulin Regular working solution to 1.98 mL of steroid 
free serum to prepare the 100 μU/mL (high) Insulin 
Regular calibrator. Mix well. Dilute as shown in Table  2  to 
prepare calibrators.

2.4  Calibrators 
and Controls
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                  1.    Eppendorf LoBind tubes, 2.0 mL (Eppendorf, Mississauga, ON).   
   2.    2 mL Nunc ®  96 DeepWell TM  round-bottom well plates 

(Thermo Scientifi c, Waltham, MA).   
   3.    BSA-treated 2 mL 96 deep well plates ( see   Note 6 ):

   (a)    Add 0.5 mL of 100 mg/mL BSA to each well of a 96-well 
plate. Seal with capmat.   

  (b)    Attach on rotator or rocker to and rotate/rock for 2 h.   
  (c)    Remove from rocker or rotator and let sit at room tem-

perature for an additional 22 h.   
  (d)    After 24 h, discard BSA from plate(s).   
  (e)    Add ~1 mL PBS to each well of plate(s), mix, and discard.   
  (f)    Repeat PBS wash two times, for a total of three PBS washes.   
  (g)    Centrifuge plates upside-down at 1100 ×  g  for 10 min to 

remove all residual PBS from the plate.    
      4.    Vacuum manifold or positive pressure manifold, installed in 

robotic liquid handler or manually controlled.   

2.5  Analytical 
Equipment 
and Supplies

   Table 1  
  Dilution scheme for  insulin   analogue calibrators   

 Std level (μU/mL) 
 Volume of 100 μU/mL 
mixed calibrator (μL)  Volume of serum pool ( μL) 

 2.5  12.5  487.5 

 5  25  475 

 10  50  450 

 25  125  375 

 50  250  250 

   Table 2  
  Dilution scheme for  insulin   regular calibrators   

 Std level (μU/mL) 
 Volume of 100 μU/mL 
calibrator (μL)  Volume of SFS (μL) 

 2.5  12.5  487.5 

 5  25  475 

 10  50  450 

 25  125  375 

 50  250  250 
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   5.    Acroprep Advance 2 mL 1 μm glass fi ber fi lter plates (PALL 
Life Sciences, Ville St Laurent, Quebec).   

   6.    Nunc ®  capmats for round bottom plates (Thermo Scientifi c, 
Waltham, MA).   

   7.    AB Sciex5500 QTRAP ®  triple quadrupole mass spectrometer 
(AB SCIEX, Concord, ON) or other mass spectrometer capa-
ble of reaching the required limit of detection, equipped with 
appropriate software (e.g., Analyst ® ).   

   8.    Shimadzu 20 AC LC System with pumps, column oven, 
degasser, autosampler.   

   9.    Analytical column: ACE C18-300, 50 × 2.1 mm, 5 μm (ACE 
 HPLC   Columns, Aberdeen, Scotland).   

   10.    Guard cartridge: C18 4 × 3.0 mm ID (Phenomenex, 
Torrance, CA).       

3    Methods 

       1.    Aliquot 500 μL of standards and samples to BSA-treated 
96-well plate.   

   2.    Add 25 μL of 540 μU/mL Bovine  Insulin   (Internal Standard) 
to each standard and sample.   

   3.    Add 5 μL of delipidation reagent.   
   4.    Seal plate with capmat, and vortex mix at high speed for 

approximately 20 s.   
   5.    Remove capmat, and add appropriate volume of antibody- 

coated paramagnetic bead slurry. In our case, this has been 
determined to be 250 μL ( see   Note 3 ).   

   6.    Seal the plate with a capmat, swirl plate manually until beads 
are evenly distributed in all wells.   

   7.    Let sit at room temperature for 1 h.      

       1.    Tape off unused positions of fi lter plate for future use if desired.   
   2.    Remove capmat from incubation plate, and transfer all stan-

dards and sample to fi lter plate.   
   3.    Apply a weak vacuum—eluent goes to waste.   
   4.    Wash each well with 3 × 1 mL of PBS, applying weak vacuum 

after each addition to elute the PBS wash to waste.   
   5.    After the last PBS wash, apply vacuum for 1 min to remove all 

wash from plate. Remove fi lter plate, tap on paper towel to 
remove residual wash drips from the fi lter plate.   

   6.    Place a BSA-treated 96-well plate in the collection position of 
the vacuum manifold.   

   7.    Replace fi lter plate on vacuum manifold.   

3.1  Incubation 
Procedure

3.2  Extraction 
Procedure
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   8.    Add 75 μL of 1 % acetic acid to standard and sample positions 
in the fi lter plate.   

   9.    Let sit for 2 min.   
   10.    Apply vacuum to elute acetic acid to the collection plate.   
   11.    Add an additional 75 μL of 1 % acetic acid to the fi lter plate, 

and let sit for 1 min.   
   12.    Apply vacuum to elute acetic acid to the collection plate.   
   13.    The collection plate is ready to inject on the  LC-MS/MS  .      

       1.     HPLC   gradient is provided in Table  3  and Fig.  1 .
        2.    Instrument operating parameters are given in Table  4 .
       3.    Data are analyzed using Analyst ®  Software (AB SCIEX, 

Concord, ON).   
   4.    Standard curves are generated based on linear regression with 

1/x weighting of the analyte/IS peak area ratio (y) versus ana-
lyte concentration (x) using the quantifying ions indicated in 
Table  4 .   

   5.    Typical extracted ion chromatograms and elution times for all 
insulins are shown in Fig.  2a–f .

4            Notes 

     1.    The absence of  insulin   immunoreactivity in this product should 
be confi rmed by immunoassay before use.   

   2.    This material is used for preparing the calibrators of the four 
synthetic insulins which lack a natural amino acid sequence. 

3.3  Analysis

   Table 3  
   HPLC   gradient optimized for Shimadzu LC20AD   

  Column temp.   60 °C 

  Flow rate   0.55 mL/min 

  Gradient    Time    Mobile phase A  (%) 

 0.00  78 

 0.50  78 

 1.00  66 

 3.00  63 

 4.00  2 

 6.25  2 

 6.35  78 

 8.5  78 

J. Grace Van Der Gugten et al.
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If some low-level immunoreactivity is detected in the pool, it 
can be left to sit for 24 h or longer at room temperature to 
allow any low-level endogenous  insulin   present to degrade, 
recognizing that there is a risk of bacterial growth. Confi rmed 
insulin- free commercial serum could be substituted for a 
human insulin-free pool.   

   3.    It is necessary for the user to identify a suitable monoclonal or 
polyclonal antibody which results in non-selective immunoaf-
fi nity extraction of all the insulins desired. Antibodies directed 
at the N-terminal of the B chain should detect all insulins listed 
but will be expected to have problems capturing  Insulin   
Glulisine which has an amino acid substitution of lysine for 
 asparagine at position B3. In cooperation with our laboratory, 
the University of Victoria Proteomics Centre has systematically 
examined a number of monoclonal and polyclonal commercial 
antibodies. Of those examined: (1) Santa Cruz monoclonal 
Insulin B  Antibody (C-12) (cat #sc-377071) (2) Santa Cruz 
polyclonal Insulin B Antibody (N-20) (cat #sc-7838), and (3) 
Abcam Monoclonal Anti-Insulin + Proinsulin antibody [D6C4] 
(cat #ab8304), it was found that the monoclonal product from 
Santa Cruz was most suitable. The sc-377071 antibody can be 
coupled to Dynabeads ®   Protein   G from Life Technologies (cat 
#10003D, 10004D, or 10009D) according to the manufac-
turer’s protocols and used for the immunopurifi cation step. 
The required amount of bead slurry is a matter of trial and 
error depending on the desired specimen volume and analyti-
cal range. As an alternative, it is possible and even less expen-
sive to use pre-prepared paramagnetic beads from the reagent 
kits of certain automated chemiluminescent IA analyzers. 
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  Fig. 1     HPLC   gradient       
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    Table 4  
  Optimized instrument settings for the AB SCIEX API-5500 QTRAP ®    

  Source parameters  

 Curtain gas:  40 μL/min 

 Source temperature:  600 °C 

 Gas1:  70 μL/min 

 Gas2:  50 μL/min 

 CAD gas:  High 

 IonSpray voltage:  5500 V 

 Entrance potential:  10 V 

  Compound dependant parameters  

  Compound name    Q1 mass    Q3 mass    Dwell 
time  (ms) 

  Declustering 
potential  (V) 

  Collision 
energy  (V) 

  Humulin    1162.4  345.2  35  100  60 

  Humulin   (quantifi er)  1162.4  226.1  35  100  62 

  Humulin    1162.3  652.0  35  100  47 

 Detemir (quantifi er)  1184.0  454.4  18  90  35 

 Detemir  1184.0  357.4  18  90  60 

 Detemir  987.0  454.4  18  90  41 

  Aspart    1166.0  219.0  22  100  50 

  Aspart    971.7  226.0  22  100  60 

  Aspart   (quantifi er)  971.7  136.0  22  100  100 

  Lispro    1162.4  217.0  22  100  56 

  Lispro   (quantifi er)  968.6  217.0  22  100  51 

  Glargine    1011.4  1164.2  40  115  42 

  Glargine    1011.4  1179.4  40  115  43 

  Glargine   (quantifi er)  867.2  136.0  40  115  100 

 Bovine  insulin   (IS) 
(quantifi er) 

 956.5  136.1  18  100  101 

 Bovine  insulin   (IS)  956.5  226.2  18  100  53 

Interested readers should contact the corresponding author 
for details.   

   4.    Some insulins, such as  Insulin    Glargine   and Insulin Regular, 
come prepared as chelates to Zn 2+ . In order to free the  insulin   
from these chelates for  LC-MS/MS   analysis, it is necessary to 
acidify them.   
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   5.     Insulin   Regular and Insulin  Lispro   are identical in molecular 
weight, and only differ in structure in the order of 2 amino 
acids (lysine and proline) in the B chain at positions 28 and 29. 
For this reason, they are diffi cult to chromatographically 
resolve, have the same precursor ion  m / z  ratios, and when 
Insulin Lispro is fragmented, there are spurious contributions 
in each of the Insulin Regular MRMs. We have not observed 
the converse however. For this reason, the Insulin Regular cali-
brant is prepared in isolation. This phenomenon is easily iden-
tifi ed by unexpected ion ratios in the Insulin Regular MRMs.   

   6.    All insulins, particularly  Insulin   Detemir, are vulnerable to 
adsorption onto plastic surfaces and can be observed to vanish 
over the course of minutes from aqueous solution. For this 
reason, it is necessary to coat 96-well plates with BSA to pre-
vent  insulin   adsorption and under-recovery.         
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    Chapter 15   

 Quantitation of Insulin-Like Growth Factor 1 
in Serum by Liquid Chromatography High 
Resolution Accurate-Mass Mass Spectrometry       

     Hemamalini     Ketha     and     Ravinder     J.     Singh      

  Abstract 

   Insulin-like growth factor 1 (IGF-1) is a 70 amino acid peptide hormone which acts as the principal mediator 
of the effects of growth hormone (GH). Due to a wide variability in circulating concentration of GH, 
IGF-1 quantitation is the fi rst step in the diagnosis of GH excess or defi ciency. Majority (>95 %) of IGF-1 
circulates as a ternary complex along with its principle binding protein insulin-like growth factor 1 binding 
protein 3 (IGFBP-3) and acid labile subunit. The assay design approach for IGF-1 quantitation has to 
include a step to dissociate IGF-1 from its ternary complex. Several commercial assays employ a buffer 
containing acidifi ed ethanol to achieve this. Despite several modifi cations, commercially available immu-
noassays have been shown to have challenges with interference from IGFBP-3. Additionally, inter-method 
comparison between IGF-1 immunoassays has been shown to be suboptimal. Mass spectrometry has been 
utilized for quantitation of IGF-1. In this chapter a liquid chromatography high resolution accurate-mass 
mass spectrometry (LC-HRAMS) based method for IGF-1 quantitation has been described.  

  Key words      High resolution mass spectrometry    ,    Insulin  -like growth factor-1 quantitation  ,   Protein 
quantitation using  mass spectrometry    

1      Introduction 

 Growth is a complex process and is a result of an interplay between 
a number of biochemical processes resulting in cell proliferation 
and ultimately an increase in size of the organism. Growth hor-
mone (GH)- insulin  -like growth factor 1 (IGF-1) axis plays an 
important role in regulating growth. GH, secreted by the anterior 
pituitary, stimulates the production of IGF1 in the liver and regu-
lates several biochemical processes leading to an increased cell pro-
liferation  and   decreased apoptosis [ 1 ]. An excess or defi ciency in 
GH production leads to abnormalities in growth-related processes. 
Acromegaly is a result of  excess   GH production whereas GH 
 defi ciency leads to short stature among other physiological 
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 consequences. IGF-1, a 70 amino acid  peptide hormone   (MW: 
7649 Da), is the principal mediator of physiological effects of 
growth hormone (GH). 

 GH measurement in a randomly collected serum sample is 
not useful for the diagnosis of GH excess or defi ciency due to a 
high degree of variability in serum GH concentration depending 
on various factors including time of the day, food intake, and 
exercise. On the other hand, serum IGF-1 circulates at a nar-
rower concentration range relative to GH making it a useful bio-
marker in the clinical assessment of diseases related to GH 
defi ciency or excess [ 2 ,  3 ]. Majority (~95 %) of IGF-1 circulates 
as a ternary complex bound to its major carrier protein  insulin  -
like growth factor binding protein-3 (IGFBP-3) and acid labile 
subunit (ALS). Therefore disruption of the ternary complex prior 
to quantitation is an important consideration in development and 
optimization of any IGF-1 assay ( see   Note 1 ). The fi rst radioim-
munoassay for quantitation of serum IGF-1 was developed in 
1977 [ 4 ]. Now several immunoassays on automated platforms 
are commercially available for use in clinical laboratories. Several 
currently available assays utilize an extraction step with a  buffer   
containing acidifi ed ethanol which disrupts the IGF-1/IGFBP 
complex followed by addition of excess IGF-2 to keep IGFBP 
from complexing with IGF-1 [ 5 ,  6 ]. Despite various sample 
preparation approaches used, IGF-1 immunoassays are prone to 
interferences from IGFBPs. Additionally, there is a lack of stan-
dardization and poor inter- method agreement amongst IGF-1 
immunoassays [ 5 – 8 ].  Mass spectrometry   has been successfully 
employed  for   quantitation of IGF-1 to circumvent the challenges 
with IGF-1 immunoassays [ 9 – 13 ]. 

 In this chapter we describe a  liquid chromatography   high reso-
lution accurate-mass  mass spectrometry   (LC-HRAMS) method 
for serum IGF-1 quantitation [ 12 ,  14 ]. The serum sample is 
treated with a buffer containing acidifi ed ethanol to precipitate 
large  proteins   and to disrupt the IGF-1/IGFBP complex followed 
by centrifugation, neutralization, and a cooling step. Due to a rela-
tively small size IGF-1 remains soluble in the supernatant and is 
chromatographed on an online solid phase extraction cartridge fol-
lowed by separation on reverse phase column and quantitation on 
a  high   resolution mass spectrometer. The intact, length IGF-1 and 
oxidized rat IGF-1 (ratIGF-1 Ox ) as the internal standard (IS) are 
monitored. Quantifi cation is performed using calibrators made 
from recombinant IGF-1 along with IGF-1 Ox . A linear calibration 
standard curve constructed from the peak area ratio (sample/IS) is 
used to calculate the concentration of the sample. The assay shows 
cross  reactivity   towards synthetic IGF-1 (Mecasermin) used as 
therapeutic agent.  
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2    Materials 

   Serum collected in a gel-free (red-top) tube or in serum separator 
tube is an acceptable sample type for this method. Samples for 
IGF-1 analysis are acceptable if stored for up to 7 days at ambient 
temperature or refrigerated. Up to three freeze-thaw cycles are 
acceptable.  

       1.    Extraction buffer: (87.5 % ethanol, 12.5 % 1 N HCl): Combine 
700 mL of ethanol with 100 mL 1 N HCl and mix thoroughly. 
Store at ambient temperature. Stable for 1 month at room 
temperature.   

   2.    1.5 M Trizma (Sigma Aldrich Chemicals): Dissolve 18 g trizma 
base in 100 mL water. Store at room temperature. Stable at 
room temperature for 3 months.   

   3.    Mobile Phase A: 0.2 % formic acid in water. Stable at room 
temperature for 1 month.   

   4.    Mobile Phase B: 0.2 % formic acid in  acetonitrile  . Stable at 
room temperature for 1 month.   

   5.    Pooled human stripped serum from Goldenwest Biologicals 
(Temecula, CA). For preparation of quality control (QC) sam-
ples.  Store   frozen at −80 °C until use.   

   6.    Standard diluent—3 % bovine serum  albumin   (BSA). Dissolve 
3 g BSA in 100 mL water. Store refrigerated, stable for 1 month.      

       1.    Standards and Calibrators: Human IGF-1 protein from 
Ajinomoto Science (Raleigh, NC). Available as a stock solu-
tion, store frozen at −80 °C. 

 Rat IGF-1 protein for use as internal standard (IS) in the 
form of oxidized rat IGF-1 from Cell Sciences (Canton, MA) 
or Prospec Tany (Rehovot, Israel). Store frozen at −80 °C.   

   2.    A calibrator high concentration stock is prepared from diluting 
the IGF-1 commercial standard to 10 μg/mL in standard dilu-
ent (also to be used as zero standard). Calibrators ranging in 
concentration from 15 to 2000 ng/mL are prepared by dilut-
ing the high calibrator stock into zero standard. Aliquot and 
store unused high stock and calibrators at −80 °C.   

   3.     Treat a stock of rat IGF1 as IS with 1 % aqueous H 2 O 2  at room 
temperature for 30 min followed by addition of 2 mM methyl-
thioethanethiol. Prepare a working IS solution at 10 μg/mL in 
the standard diluent.   

   4.    Three levels of quality control samples are prepared by spiking 
stripped serum with 10 μg/mL  stock   standard. Aliquot and 
store frozen at −80 ° C   for 2 years.      

2.1  Samples

2.2  Reagents 
and Buffers

2.3  Calibrators, 
Internal Standard, 
and Quality Control 
Samples

Quantitation of Insulin-Like Growth Factor 1 in Serum…
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       1.    Transfer pipettes, vortex and titer plate shaker.   
   2.    Robotic liquid handler.   
   3.    Square 2 mL deep well microtiter plates and EZ PIERCE tem-

plate fi lm (Chromtech).   
   4.    Online extraction cartridge C12, 4 mm L × 2.0 mm ID guard 

cartridge, analytical column, Onyx monolithic column 
(50 mm × 2.1 mm, C18) (Phenomenex, Torrance, CA).   

   5.    MassHunter Quant software (Agilent, Santa Clara, CA).   
   6.    Aria TX-4 automated online  chromatography   system (Thermo- 

Fisher, San Jose, CA).   
   7.    Agilent 6530 qTOF instrument (Santa Clara, CA).       

3    Method 

       1.    Thaw the calibrators, controls, and blanks  and   vortex well to 
mix thoroughly.   

   2.    Pipette 100 μL of each of samples calibrators, QC, and blanks 
into individual well of the 96 deep well plate.   

   3.    Add 10 μL IS (ratIGF-1 Ox ) into each well. Cover the plate with 
an adhesive plate seal and incubate at ambient temperature on 
the plate shaker for 10 min with constant shaking.   

   4.    Pipette 400 μL of acid ethanol extraction buffer. Cover the 
plate with an adhesive plate seal and incubate at ambient tem-
perature on the plate shaker for 30 min with vigorous constant 
shaking.   

   5.    Add 90 μL trizma base and incubate at  ambient   temperature 
with shaking for 1 min.   

   6.    Centrifuge 10 min at 2000 ×  g  in a plate centrifuge.   
   7.    Incubate the 96 well plate for at least 30 min at −20 °C.   
   8.    Centrifuge 10 min 2000 ×  g  in plate centrifuge.   
   9.    Initiate LC-MS analysis.      

       1.    Mobile phase A: water/0.2 % formic acid.   
   2.    Mobile phase B: acetonitrile/0.2 % formic acid.   
   3.    The sample extract (from  Step 8  from sample preparation 

method) is injected onto the SPE online  extraction   cartridge, 
washed with 85 % solvent A at a fl ow rate of 0.5 mL/min 
( see   Note 2 ).   

   4.    The analytes are then transferred onto the analytical column. 
Analytical separation of IGF-1 and internal standard was performed 
using a linear gradient of increasing concentration of solvent B in 
solvent A (25 % solvent A ramped to 100 % B over 2 min). The 
analytical column is maintained at room temperature.      

2.4  Supplies 
and Equipment

3.1  Sample 
Preparation

3.2   HPLC   Conditions
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       1.     Mass spectrometry   conditions are provided in Table  1  
( see   Note 3 ).

              1.    Data is quantitated using the Mass Hunter Quant software 
(Agilent, Santa Clara, CA).   

   2.    Calibration curves are established for every day of analytical 
run based on linear fi t regression of IS peak area/IS concen-
tration ( x -axis) vs. analyte concentration/IS peak area ( y  axis). 
 See   Note 4 .   

   3.    Three “fi ngers” in the IGF-1  isotopic   envelope (1093.5249, 
1093.3475, and 1093.6640) with narrow mass extraction 
width of 5 ppm are used for quantitation.   

   4.    Calibration curve is acceptable if correlation coeffi cient is 
≥0.99. If one of the calibrators are out of range by greater than 
±20 % of expected value, then the curve may be plotted after 
 eliminating the calibrator. The lowest and the highest calibra-
tor may not be removed as it will affect  the   LOQ and report-
able range.   

   5.    QC values are acceptable if found to be with ±2SD of the 
established mean for the lot.   

   6.    The chromatographic retention times are monitored closely. 
A ±0.03 min shift in retention time on each LC system is con-
sidered acceptable.   

   7.    A representative chromatograph is given in Fig.  1 .

3.3  Mass 
Spectrometer 
Conditions

3.4  Data Analysis 
and Quantitation

   Table 1  
   Mass spectrometry   conditions   

 Ion  Mass (amu)  Charge state  Mass accuracy 

 IGF-1 analyte  1093.5209  +7  10 ppm 

 1093.3475  +7  10 ppm 

 1093.6640  +7  10 ppm 

 Rat IGF-1 Ox  IS  1098.9622  +7  10 ppm 

 Compound parameters 

 Capillary voltage  5000 V 

 Nozzle voltage  500 V 

 Nebulizer  50 psi 

 Sheath gas temperature  250 °C 

 Sheath gas  5 L/min 

 Scan width (at full scan)   m / z  900–1100 

Quantitation of Insulin-Like Growth Factor 1 in Serum…
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4            Notes 

     1.    Accurate mass of the ion (analyte and IS) has to be optimized 
on every instrument.   

   2.    The extracts can be stored at −20 °C for up to a week without 
loss in signal intensity.   

   3.    Tuning of the mass spectrometer should be performed every 
day to ensure that there is no drift in mass calibration.   

   4.    It is preferable to run calibrators  every    day   of the analytical run.         
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    Chapter 16   

 Quantitation of Free Metanephrines in Plasma by Liquid 
Chromatography-Tandem Mass Spectrometry       

     Courtney     Heideloff    ,     Drew     Payto    , and     Sihe     Wang      

  Abstract 

   Plasma metanephrines are measured to aid in the diagnosis of pheochromocytomas. In patients with 
pheochromocytomas there is excessive production of catecholamines and metanephrines. Measurement of 
plasma free metanephrines is one of the fi rst-line clinical tests that are used for the diagnosis and follow-up 
of pheochromocytoma. We describe here a liquid chromatography-tandem mass spectrometry method to 
measure free metanephrines in plasma. Free metanephrine and normetanephrine are extracted via solid- 
phase extraction. After extraction and evaporation, the reconstituted supernatant is analyzed by high per-
formance liquid chromatography-tandem mass spectrometry (LC-MS/MS). The MS/MS is set to selective 
reaction monitoring mode (180.1 → 148.1  m / z  for metanephrine, 183.1 → 168.1 for d3-metanephrine, 
166.1 → 134.1  m / z  for normetanephrine, and 169.1 → 137.2  m / z  for d3-normetanephrine) with positive 
electrospray ionization. Quantitation is based on peak area ratio of the analyte to its respective deuterated 
internal standard. The assay is linear from 5.9 to 4090.0 pg/mL for metanephrine and 22.0 to 4386.7 pg/mL 
for normetanephrine with precision of <6 % over the ranges.  

  Key words      Metanephrine    ,    Normetanephrine    ,    Mass spectrometry    ,    Liquid chromatography    ,    Plasma    , 
  Quantifi cation  ,    Pheochromocytoma    

1      Introduction 

 Pheochromocytomas are  neuroendocrine   tumors typically found 
in the adrenal gland. They often lead to increased blood pressure 
due to their production and secretion of catecholamines which are 
metabolized to metanephrines [ 1 ].  Plasma   catecholamines are still 
ordered to detect pheochromocytomas; however their short half- 
life makes it diffi cult to distinguish between overproduction due to 
tumors from a burst of secretion caused by stress of blood sam-
pling [ 2 ]. Studies have shown that measurement of free  plasma   
metanephrines provides superior diagnostic sensitivity and specifi c-
ity to the measurement of the catecholamines for the detection of 
 pheochromocytoma   [ 3 ]. 
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 High performance  liquid chromatography   with electrochemical 
detection is commonly used to measure metanephrines; however 
these assays typically require extensive sample preparation and 
long chromatography time [ 4 ,  5 ]. High performance liquid 
chromatography- tandem  mass spectrometry   (LC-MS/ MS  ) meth-
ods offer shorter chromatography times while yielding high specifi c-
ity; however it is vital to ensure that isobaric interference does not 
exist  between    normetanephrine   and epinephrine [ 6 – 8 ]. This chapter 
describes an accurate and precise LC-MS/MS method to measure 
free metanephrines in  plasma  . In this method, free  metanephrine   
and normetanephrine are extracted from plasma via solid- phase 
extraction along with internal standards in 10 mM ammonium 
phosphate.    After extraction and evaporation, the reconstituted 
supernatant is analyzed by LC-MS/MS. The MS/MS is set to selec-
tive reaction monitoring mode (180.1 → 148.1  m / z  for metaneph-
rine, 183.1 → 168.1 for d3-metanephrine, 166.1 → 134.1  m / z  for 
normetanephrine, and 169.1 → 137.2  m / z  for d3- normetanephrine) 
with positive electrospray. Quantitation is based on peak area ratios 
of the analytes to their respective deuterated  internal   standards [ 9 ].  

2    Materials 

   EDTA  plasma  . Transport collected specimens on ice. Centrifuge 
samples and remove plasma from cells within 1 h of collection. 
Freeze plasma at < −20 °C immediately after separation from cells. 
Freeze samples until analysis;  avoid   freeze-thaw cycles. 

 Avoid strenuous exercise for 3 days prior to collection. 
Discontinue epinephrine and epinephrine-like drugs at least 3 days 
before collection if possible.  Allow   patient to be seated in a relaxed 
position for 10–15 min before collection.  

       1.    10 mM Ammonium Phosphate, pH 6.5:  Weigh   0.575 g 
ammonium phosphate and place into a 500 mL volumetric 
fl ask. Add approximately 495 mL of clinical laboratory reagent 
water (CLRW) to the fl ask. Mix until dissolved. Transfer con-
tents to a beaker with stir bar. Adjust the pH to 6.5 using 
Ammonium Hydroxide (requires only a few drops of concen-
trated solution, ammonium hydroxide may be diluted with 
CLRW if necessary). Transfer solution back to  volumetric   
fl ask  and   bring to volume with CLRW. Stable for 2 months 
at 2–8 °C.   

   2.    2 % Formic Acid in 95:5 Acetonitrile:CLRW (v/v): Using a 
graduated cylinder, add 931 mL Acetonitrile to a 1 L bottle. 
Using a graduated cylinder, add 49 mL CLRW to the same 
bottle. Using a graduated cylinder, add 20 mL formic acid to 
the bottle. Stable for 3 months at room temperature.   

2.1  Samples

2.2  Solvents 
and Reagents
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   3.    0.2 % Formic Acid in Acetonitrile: Add approximately 800 mL 
of Acetonitrile to a 1 L volumetric fl ask. Using a pipette, add 
2 mL formic acid. Bring volume to 1 L with Acetonitrile. 
Stable for 3 months at room temperature.   

   4.    Mobile Phase A (1 mM Ammonium Formate + 0.1 % Formic 
Acid): Weigh 0.0631 g of ammonium formate and place into a 
1 L volumetric fl ask. Add approximately 800 mL of CLRW. 
Using a pipette, add 1 mL formic acid to the fl ask. Bring to 
volume with CLRW. Stable for at least 1 month at room 
temperature.   

   5.    Mobile Phase B (1 mM Ammonium Formate in Methanol + 
0.1 % Formic Acid): Weigh 0.0631 g of ammonium formate 
 and   place into a 1 L volumetric fl ask. Add approximately 
800 mL of Methanol. Using a pipette, add 1 mL of formic acid 
to the fl ask. Bring to volume  with   Methanol.    Stable for at least 
3 months at room temperature.      

       1.    Primary Standard: Catecholamine Mix 2 ( Metanephrine   and 
 Normetanephrine  ) (Cerilliant).   

   2.    Primary Internal Standard (IS): D 3 - Metanephrine   and D 3 -
 Normetanephrine  , 100 μg/mL (Cerilliant).   

   3.    Combined Intermediate IS Solution (10 μg/mL): Using an 
adjustable pipette, measure 50 μL each of d 3 M and d 3 NM 
(200 μg/mL Substock) into a 1 mL Class A volumetric fl ask 
and bring to volume with 1 mM ammonium formate + 0.1 % 
formic acid. Mix by vortexing. Do not store.   

   4.    Working IS Solution (10 ng/mL): Using an adjustable pipette, 
measure 25 μL of (10 μg/mL) Intermediate Internal Working 
Solutions (10 μg/mL) into a 25 mL Class A volumetric fl ask. 
Bring to volume with 1 mM ammonium formate + 0.1 % for-
mic acid. Vortex to mix. Stable for 6  months   when stored 
at < −20 °C.      

       1.    Calibrators: Prepare working solution by adding 20 μL of 
Catecholamine Mix 2 to 5 mL volumetric fl ask. Bring to vol-
ume with 10 mM Ammonium Phosphate, pH 6.5. Mix well. 
Prepare calibrators 1–7 by making serial dilutions of the 
working  solution   according to Table  1 . Mix well after  each 
  dilution step.

       2.    Controls
   (a)    Analyte spiking solution: Measure 10 μL of Cerilliant QC 

Stock (1.0 mg/mL) into 25 mL volumetric fl ask. Bring to 
volume with 10 mM Ammonium Phosphate, pH 6.5.   

  (b)    Level 1: Measure 3 μL of Analyte Spiking Solution and add 
to a 50 mL volumetric fl ask. Bring to volume with pooled 
 plasma  . Based on past pools, the concentrations may be 
approximately 60 pg/ mL   M and ~200 pg/mL NM.   

2.3  Internal 
Standards 
and Standards

2.4  Calibrators 
and Controls ( See  
 Notes 1  and  2 )

Quantitation of Free Metanephrines in Plasma by Liquid...
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  (c)    Level 2: Measure 62.5 μL of Analyte Spiking Solution and 
add to a 50  mL   volumetric fl ask. Bring to volume with 
pooled  plasma  . Based on past pools the concentrations may 
be approximately 535 pg/mL M and ~675 pg/mL NM.          

       1.    Nexera Shimadzu  HPLC  .   
   2.    AB Sciex 5500 QTRAP.   
   3.    Vacuum manifold.   
   4.    Biotage TurboVap.   
   5.    UltraShield UHPLC pre-column fi lter.   
   6.    Ultra PFP Propyl  analytical   column (3 μm, 2.1 × 100 mm).   
   7.    Oasis WCX SPE Cartridges.   
   8.    Injection Vials (12 × 32 mm, 350 μL).   
   9.    Injection Vial Caps (11 mm snap PTFE/SIL).      

   They are given in Table  2 .

      They are given below and in Table  3 .
     (a)    Turbo Spray ESI+.   
   (b)    Spray voltage = 1250 V.   
   (c)    Curtain Gas = 30 U.   
   (d)    Collision Gas = Medium.   
   (e)    Temperature = 700 °C.   
   (f)    Ion Source Gas 1 = 50 U.   
   (g)    Ion Source Gas 2 = 40 U.    

2.5  Analytical 
Equipment 
and Supplies

2.6   HPLC   Parameters

2.7  MS/MS  Tune 
  Parameters

   Table 1  
  Preparation of calibrators   

 To make 
 Use source 
solution 

 Volume 
of source 
solution 

 Volume of 10 mM 
ammonium phosphate 
pH 6.5 (mL) 

  Metanephrine   
concentration 
(pg/mL) 

  Normetanephrine   
concentration 
(pg/mL) 

 Std7  Working 
solution 

 100 μL  QS to 100 mL  4000.00  4000.00 

 Std6  Std 7  50 mL  QS to 100 mL  2000.00  2000.00 

 Std5  Std 6  25 mL  QS to 100 mL  500.00  500.00 

 Std4  Std 5  25 mL  QS to 100 mL  125.00  125.00 

 Std3  Std 4  25 mL  QS to 100 mL  31.25  31.25 

 Std2  Std 3  50 mL  QS to 100 mL  15.63  Exclude 

 Std1  Std 2  25 mL  QS to 50 mL  7.81  Exclude 

Courtney Heideloff et al.
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3       Methods 

       1.    Pipette 0.5 mL of standard, control, and patient  samples   into 
their respective labeled tubes ( see   Note 3 ).   

   2.    Pipette 25 μL internal standard into each tube. Vortex briefl y.   
   3.    Add 0.5 mL of 10 mM Ammonium Phosphate Buffer, pH 6.5 

to each tube. Vortex briefl y.   
   4.    Label one 12 × 75 mm tube for  each   standard, control, and 

patient. Place in vacuum manifold collection rack and set aside.   

3.1  Stepwise 
Procedure

   Table 2  
   HPLC   parameters a    

 Column temp.  40 °C 

 Flow rate  0.500 mL/min 

 Gradient  Time (min)  Event  Parameter 

 0  Pump B conc.  1 

 0.25  Pump B conc.  1 

 0.26  Pump B conc.  40 

 2.25  Pump B conc.  60 

 2.26  Total fl ow  0.7 

 2.26  Pump B conc.  60 

 2.86  Pump B conc.  60 

 2.87  Pump B conc.  1 

 2.88  Total fl ow  0.5 

   a Optimized for Nexera Shimadzu  HPLC   with Restek Ultra PFP Propyl analytical col-
umn (3 μm, 2.1 × 100 mm). Mobile phase A: 1 mM ammonium formate + 0.1 % formic 
acid; mobile phase B: 1 mM ammonium formate in methanol + 0.1 % formic acid  

   Table 3  
  Optimized MS/MS parameters a    

 Compound  Q1 mass  Q3 mass  Dwell time  DP  EP  CE  CXP 

  Metanephrine    180.1  148.1  25  123  7  24  17 

 Metanephrine-   IS  183.1  168.1  25  123  7  24  17 

  Normetanephrine    166.1  134.1  50   95  7  24  13 

 Normetanephrine-   IS  169.1  137.1  50   95  7  24  13 

   DP  declustering potential,  EP  entrance potential,  CE  collision energy,  CXP  exit potential 
  a Optimized for the AB Sciex 5500 QTRAP. Tune settings may vary slightly between instruments  

Quantitation of Free Metanephrines in Plasma by Liquid...
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   5.    Insert the WCX SPE cartridges into the vacuum box. Position 
them in the same order as the collection tubes.   

   6.    Wash each cartridge with 1 mL of methanol.   
   7.    Wash each cartridge with 1 mL 10  mM   Ammonium Phosphate, 

pH 6.5. Turn off vacuum.   
   8.    Pipette the entire sample into respective SPE cartridge.   
   9.    Turn on the vacuum. Allow the samples to slowly fl ow through 

the cartridges.   
   10.    Wash each cartridge with 1 mL CLRW.   
   11.    Wash each cartridge with 1 mL Methanol.   
   12.    Wash each cartridge with 1 mL 0.2 % Formic Acid in ACN 

solution.   
   13.    Remove the manifold box cover and place the collection rack 

into the box. Return the manifold cover to the vacuum box 
making sure the proper tubes are directly under the respective 
cartridges.   

   14.    Add 0.5 mL of 2 % formic acid in 95:5 ACN:CLRW to each 
cartridge.   

   15.    Turn on vacuum and slowly elute the analytes into the collec-
tion tubes in the manifold box.   

   16.    Remove the collection rack and tubes from the manifold box.   
   17.    Evaporate the eluent to dryness. TurboVap settings: under 

nitrogen at 35 °C for 20 min.   
   18.    Reconstitute the dried extract with 100  μL   of 0.1 %  formic   acid 

in 1 mM  Ammonium   Formate solution. Vortex tubes.   
   19.    Transfer the contents of each tube to an injection vial and load 

into autosampler tray.   
   20.    Inject 20 μL of sample onto  LC-MS/MS  . Sample ion chro-

matograms for  plasma    metanephrine   and  normetanephrine   are 
shown in Figs.  1  and  2 .

               1.    Data is analyzed using Analyst Software (AB Sciex).   
   2.    Standard curves are generated based on analyte/IS peak area 

ratio. A 7 and 5 point calibration curve, for  metanephrine   and 
 normetanephrine   respectively, was  weighted   using a factor of 
1/ X  2  and not forced through zero.   

   3.    The assay is linear from 5.9 to 4090 pg/mL and 22 to 
4387 pg/mL for  metanephrine   and  normetanephrine   respec-
tively. Precision was determined to have a %CV < 6.8 % for  both 
  analytes.       

3.2  Data Analysis

Courtney Heideloff et al.
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  Fig. 1    Unextracted standard for  metanephrine  .       
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  Fig. 2    Unextracted standard for  normetanephrine         
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4    Notes 

     1.    Two separate stock solutions must be  used   for the preparation 
of calibrators and quality controls.   

   2.    Calibrators and quality controls should be prepared and then 
aliquoted into single-use vials. Stable for 6 months when stored 
at < −60 °C.   

   3.    A calibration curve needs to  be    extracted   and run  with   every 
analytical run.         
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Chapter 17

Quantification of Metanephrine and Normetanephrine 
in Urine Using Liquid Chromatography-Tandem Mass 
Spectrometry

Jessica Gabler and Sihe Wang

Abstract

Measuring urinary metanephrines aides in the diagnosis of pheochromocytomas–catecholamine producing 
tumors. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) allows for greater sensitivity 
and simpler sample preparation as compared with other techniques. Here we describe a simple LC-MS/
MS method for measuring metanephrines in urine. Each urine sample was treated with diphenylboronic 
acid to create boronate complexes, and then applied to a Bond-Elut Plexa cartridge. After solid phase 
extraction, samples were concentrated and analyzed on an Atlantis T3 column with chromatographic run 
time totaling 8.5 min. MS/MS was set in positive electrospray ionization mode with multiple reaction 
monitoring for data collection. The assay was linear from 0.2 to 27.4 μmol/L and 0.3 to 14.6 μmol/L for 
metanephrine and normetanephrine, respectively. Intra-assay and total precision at three concentration 
levels over 10 days were <5 % for metanephrine and <10 % for normetanephrine.

Key words Liquid chromatography, Mass spectrometry, Pheochromocytoma, Metanephrine, 
Normetanephrine, Urine

1  Introduction

Pheochromocytomas are tumors, primarily of the adrenal medulla, 
that cause secretion of catecholamines. Catecholamines (epineph-
rine and norepinephrine) are rapidly converted to their metabo-
lites, metanephrine (M) and normetanephrine (NM), respectively. 
Compared to patients with no catecholamine-secreting tumors 
percent increase of metanephrines is much greater than catechol-
amines when pheochromocytomas present, making measurement 
of metanephrines a more sensitive indicator of pheochromocyto-
mas [1, 2]. In addition, metanephrines are more stable than cate-
cholamines after sample collection. Therefore, measurement of 
urinary fractionated metanephrines has been recommended as one 
of the foremost screening tests for unexplained hypertension to 
help exclude or diagnose pheochromocytoma [1–7].
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Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) has been the preferred technology for measuring urinary 
metanephrines because it provides less laborious sample prepara-
tions, increased sensitivity, and decreased chromatographic run 
times versus LC methods coupled with electrochemical detection 
[8, 9]. In this chapter, we present an LC-MS/MS method with 
simple sample preparation, modified from previous publications 
[9, 10] to measure urinary metanephrines using boronate com-
plexes. Samples are hydrolyzed prior to solid phase extraction, and 
after evaporating to dryness, samples are reconstituted in 100 mM 
ammonium formate + 2  % formic acid. Supernatant (15  μL) is 
injected onto the LC-MS/MS system for analysis [11].

2  Materials

24 h or random urine collected in a plain urine collection container. 
Specimens should be stored refrigerated (2–8 °C) throughout col-
lection and transport. Upon specimen receipt, adjust urine pH to 
<3 using hydrochloric acid and store refrigerated prior to analysis.

	 1.	Acetonitrile, HPLC grade.
	 2.	Methanol, HPLC grade.
	 3.	Acetone, HPLC grade.
	 4.	2-Propanol, HPLC grade.
	 5.	Formic Acid, ACS grade.
	 6.	Ammonium formate, MS grade.
	 7.	Hydrochloric Acid, ACS plus grade.
	 8.	Sodium Metabisulfite, BioRad.
	 9.	EDTA, Fisher Scientific.
	10.	2-aminoethyl diphenylborinate, Sigma Aldrich.
	11.	Ammonium Chloride, Molecular Biology grade.
	12.	Ammonium Hydroxide, ACS grade.
	13.	Clinical Laboratory Reagent Water (CLRW)—HPLC grade.
	14.	5 M Ammonium Chloride (NH4Cl) pH 8.5

Weigh 267.44  g of NH4Cl and put into a large beaker (see 
Note 1). Add approximately 900 mL of CLRW and a stir bar 
to the beaker and cover with parafilm. Allow the solution to 
mix overnight or completely dissolved. Once dissolved, adjust 
the pH to 8.5 with concentrated ammonium hydroxide (see 
Note 2). Pour the solution, minus the stir bar, into a 1000 mL 
volumetric flask and dilute to volume with CLRW. Stable for 3 
months when stored at room temperature (see Note 3).

	15.	0.5 M Ammonium Chloride (NH4Cl)

2.1  Samples

2.2  Solvents 
and Reagents

Jessica Gabler and Sihe Wang
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Using a graduated cylinder, measure 200 mL of 5 M NH4Cl 
pH 8.5 and pour into a 2000 mL bottle, add 1800 mL CLRW 
to the bottle. Stable for 3 months when stored at room 
temperature.

	16.	Complexing reagent
Weigh 5.0 g of EDTA and 2.0 g of 2-aminoethyl diphenylbori-
nate. Place in a 1000 mL Class A volumetric flask. Dilute to 
volume with 5 M NH4Cl. Place a stir bar into the flask and cap. 
Mix overnight to dissolve (see Note 4). Stable for 3 months 
when stored at room temperature.

	17.	20 % Methanol in 0.5 M Ammonium Chloride (NH4Cl)
Using a graduated cylinder, add 200 mL of methanol, 80 mL 
of 5 M NH4Cl, and 720 mL CLRW into a bottle. Stable for 3 
months when stored at room temperature.

	18.	100 mM Ammonium Formate, 2 % Formic Acid
Weigh 6.303 g of ammonium formate into a 1000 mL Class A 
volumetric flask. Add approximately 800 mL of CLRW. Using 
a graduated cylinder, add 20 mL formic acid to the flask. Swirl 
to dissolve. Dilute to volume with CLRW. Stable for 3 months 
when stored at room temperature.

	19.	Mobile Phase Eluting A: 12 mM Ammonium Formate, 1.2 % 
Formic Acid
Weigh 0.758 g of ammonium formate into a 1000 mL volu-
metric flask. Add approximately 800 mL of CLRW. Using a 
graduated cylinder, add 12  mL of formic acid to the flask. 
Dilute to volume with CLRW. Stable for 1 month when stored 
at room temperature.

	20.	Mobile Phase Eluting B: 100 % Methanol.
	21.	3.6 M HCl

Using a graduated cylinder, add 35 mL of CLRW to a bottle. 
Using a graduated cylinder, add 15 mL of concentrated HCl. 
Stable for 1 year when stored at room temperature.

	22.	0.1 % Sodium Metabisulfite in 0.1 M HCl
Weigh 100 mg of sodium metabisulfite into a 100 mL volu-
metric flask. Add 80 mL of CLRW, and 835 μL of HCl and 
invert to mix. Dilute to volume with CLRW and invert to mix. 
Transfer to a bottle. Stable for 1  year when stored at room 
temperature.

	 1.	Standard Stock—Catecholamine Mix 2, including metaneph-
rine and normetanephrine, 1 mg/mL (Cerilliant).

	 2.	Internal Standard (Metanephrine)—dl-Metanephrine-d3 
(α-d2,β-d1) HCl, 5 mg (Medical Isotopes).

	 3.	Internal Standard (Normetanephrine)—dl-Normetanephrine-d3 
(α-d1,β-d2) HCl, 5 mg (Medical Isotopes).

2.3  Standards 
and Internal Standards

Quantification of Metanephrine and Normetanephrine in Urine Using Liquid…
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	 4.	Internal Standard Stocks—separate (1000 μg/mL)
Add 1 mL 0.1 % sodium metabisulfite in 0.1 M HCl to the 
metanephrine internal standard container. Allow to dissolve 
then quantitatively transfer the contents into a 5 mL Class A 
volumetric flask. Repeat 3 times to ensure complete transfer of 
material. Dilute to volume with 0.1 % sodium metabisulfite in 
0.1  M HCl. Repeat for normetanephrine internal standard 
using a separate flask. Store separate 1.5  mL aliquots of 
Metanephrine and Normetanephrine internal standard stocks 
in vials. Stable for 6 months when stored at <−60 °C.

	 5.	Internal Standard Substock—separate (200 μg/mL)
Using a volumetric pipette add 4 mL methanol to a 16 × 100 
glass screw cap tube. Using a volumetric pipette add 1 mL of 
metanephrine internal standard stock solution (1000 μg/mL) 
to tube. Mix well.

Repeat for normetanephrine internal standard stock solu-
tion using separate tube. Stable for 6 months when stored 
at <−60 °C.

	 6.	Working Internal Standard—combined (1650 ng/mL)
Pipette 825 μL of each Internal Standard Substock into the 
same 100 mL Class A volumetric flask. Bring to volume with 
100 mM Ammonium Formate, 2 % Formic Acid. Stable for 3 
months when stored at 2–8 °C.

	 1.	Calibrators 1–5
Prepare calibrator 5 by adding 160 μL of Standard Stock to a 
100 mL volumetric flask. Bring to volume with CLRW. Mix well.

Calibrator 5 is serially diluted to prepare subsequent cali-
brators as shown in Table 1.

	 2.	Controls—Lyphochek Quantitative Urine Control, Level I and 
II (BioRad)
Prepare control levels 1 and 2 by adding 10 mL of CLRW to 
each vial. Allow the controls to stand for at least 15 min, swirl-
ing occasionally.

	 3.	Testmix—Pipette 10 μL of Metanephrine and Normetanephrine 
standard stock (1 mg/mL) and 10 μL each of Metanephrine 
and Normetanephrine internal standard stocks (1  mg/mL) 
into a 50 mL Class A volumetric flask. Dilute to volume with 
100 mM Ammonium Formate + 2 % Formic Acid. Stable for 1 
year when stored at <−60 °C.

	 1.	Thermo Fisher Scientific Quantum Access Tandem Mass 
Spectrometer.

	 2.	Thermo Fisher Scientific CTC-PAL Autosampler and Aria 
TLX2 HPLC.

	 3.	Atlantis T3 analytical column (3 μm, 3.0 × 100 mm).

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies
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	 4.	T3 guard column cartridge (3 μm, 2.1 × 10 mm).
	 5.	T3 guard column holder.
	 6.	Varian Plexa SPE cartridges (30 mg, 3 mL).
	 7.	Injection Vials with caps (12 × 32 mm A/S Crimp, 350 μL).
	 8.	Pipette Tips (up to 1000 μL capacity).
	 9.	Pipette Tips (10–100 μL capacity).
	10.	Eppendorf Combitips (25 mL total capacity).
	11.	16 × 100 mm disposable borosilicate tubes.
	12.	13 × 100 mm disposable borosilicate tubes.
	13.	pH meter.
	14.	Vortex Genie Mixer.
	15.	Boiling water bath.
	16.	Vacuum manifold.
	17.	50 °C water bath with nitrogen supply.

3  Methods

	 1.	Turn on 56 °C and 100 °C water baths.
	 2.	Bring calibrators, controls, and patient samples to room tem-

perature and mix thoroughly.
	 3.	To labeled 16 × 100 mm tubes, pipette 1.0 mL of calibrator, 

control, or patient sample.

3.1  Stepwise 
Procedure

Table 1 
Preparation of calibrators

To make:
Use source 
solution

Volume  
of source 
solution (mL)

Volume of 
CLRW

Metanephrine 
concentration (ng/mL)a

Normetanephrine 
concentration (ng/mL)a

Std 5 Spiked from 
Stock

160 μL QS to 
100 mL

1600.0 1600.0

Std4 Std 5 50 QS to 
100 mL

800.0 800.0

Std3 Std 4 50 QS to 
100 mL

400.0 400.0

Std2 Std 3 50 QS to 
100 mL

200.0 200.0

Std1 Std 2 25 QS to 
100 mL

50.0 50.0

aSee Note 5

Quantification of Metanephrine and Normetanephrine in Urine Using Liquid…
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	 4.	Add 100 μL internal standard to each tube.
	 5.	Using a plastic transfer pipette, add two drops of 3.6 M HCl to 

each tube. Vortex briefly.
	 6.	Place tubes in a metal rack and cover the top of each tube with 

a 16 × 125 mm Teflon-lined test tube cap to prevent evapora-
tion. Place the covered tubes into a boiling water bath (100 °C) 
for 30 min to hydrolyze the samples.

	 7.	Transfer the tubes to a cool tap water bath. Allow the samples 
to cool to room temperature.

	 8.	Add 2 mL of complexing reagent to each tube. Vortex briefly 
(see Note 6).

	 9.	Insert one labeled Plexa SPE cartridge for each sample into the 
vacuum box.

	10.	Wash each cartridge with 1 mL of methanol. Repeat.
	11.	Wash each cartridge with 1 mL 0.5 M NH4Cl. Repeat.
	12.	Pour the entire hydrolyzed sample into respective Plexa SPE 

cartridge.
	13.	Allow the samples to slowly flow through the cartridges.
	14.	Wash each cartridge with 1 mL 0.5 M NH4Cl. Repeat.
	15.	Wash each cartridge with 1  mL 20  % Methanol in 0.5  M 

NH4Cl. Repeat.
	16.	Remove the manifold box cover and rinse the needles with 

methanol and wipe needles with a kimwipe (see Note 7).
	17.	Place the collection rack containing labeled 13 × 10 mm tubes 

into the box, making sure the tubes are directly under the 
respective cartridges.

	18.	Add 1 mL 100 mM ammonium formate, 2 % formic acid into 
each cartridge.

	19.	Slowly allow the eluent to flow through the cartridge. Turn on 
the vacuum to ensure complete transfer into the collection tubes.

	20.	Vortex collection tubes briefly.
	21.	Place tubes in a 50–60 °C evaporation water bath. Evaporate 

to complete dryness with nitrogen.
	22.	Reconstitute with 100 μL of 100 mM ammonium formate + 2 % 

formic acid. Vortex tubes.
	23.	Transfer the samples to labeled orange top injection vials. Cap 

vials.
	24.	Inject 15 μL of sample on HPLC-MS/MS (see Note 8).

	 1.	HPLC instrument operating parameters are given in Table 2.
	 2.	MS instrument operating parameters are given in Table 3.
	 3.	Data is analyzed using LCQuan Software (ThermoFisher Scientific).

3.2  Analysis
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	 4.	An example chromatogram from a patient urine sample is 
shown in Fig. 1.

	 5.	Standard curves are generated based on linear regression of the 
analyte/IS peak area ratio (y) versus analyte concentration (x) 
using 1/X2 weighting. Analyte and IS quantifying ions are 
listed in Table 4.

	 6.	Acceptable runs are determined if calculated control concen-
trations are within ±2 standard deviations of target values 
(see Note 9).

4  Notes

	 1.	In order to expedite dissolution, crush any large clumps of 
NH4Cl to powder before adding to beaker.

	 2.	It will take approximately 12 mL of Ammonium Hydroxide to 
get to pH 8.5.

Table 2 
HPLC gradient conditions

Time Duration (s) Flow rate (mL/min) Gradient %A %B

0.00   45.0 0.4 Step 100.0 0.0

0.75 180.0 0.4 Step 82.0 18.0

3.75   60.0 0.4 Step 50.0 50.0

4.75 315.0 0.4 Step 100.0 0.0

Table 3 
MS source operating parameters

Polarity Positive

Spray voltage 5000

Vaporizer temperature 0

Sheath gas pressure 55

Ion sweep gas pressure 3.5

Aux gas pressure 55

Capillary temperature 280

Skimmer offset 0

Quantification of Metanephrine and Normetanephrine in Urine Using Liquid…
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	 3.	If making Complexing Reagent, 0.5 M Ammonium Chloride 
and 20  % methanol in 0.5  M Ammonium Chloride on the 
same day, you will need to prepare double the volume 
(2000 mL) of 5 M Ammonium Chloride.

	 4.	Prepare Complexing Reagent at least 1 day before it is needed 
as it will need an extended period of time to completely 
dissolve.

Fig. 1 Chromatogram of a patient urine specimen

Table 4 
MRM transitions

Analyte Q1 Q3 Collision energy

Normetanephrine 166.1 134.2 13.0

Normetanephrine IS 169.1 137.2 17.0

Metanephrine 198.2 180.2 11.0

Metanephrine IS 201.1 183.2 11.0
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	 5.	Certificate of Analysis certified concentration for Catecholamine 
Mix 2 should be used to calculate accurate concentration levels 
of calibrators. Concentrations listed in Table 1 are estimates 
based on a CoA concentration of 1 mg/mL.

	 6.	Check to see if samples are cloudy. If samples are cloudy add 
one drop of NH4OH and vortex. If sample is still cloudy add 
additional drop of NH4OH.  If more than two drops of 
NH4OH are needed consult with supervisory personnel.

	 7.	We have found this cleaning step helps to decrease chances for 
contamination and improves sample purity.

	8.	 A Testmix sample is injected prior to each run to determine 
acceptability of instrument and assay performance. Acceptable 
results are determined if all analytes’ peak areas are within 50 % 
of a rolling mean (determined from in-house assay of testmix 
sample over time).

	9.	 Target values are determined through in-house assay of con-
trols averaging at least 10 data points covering multiple days.
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Chapter 18

High-Throughput Analysis of Methylmalonic Acid in Serum, 
Plasma, and Urine by LC-MS/MS. Method for Analyzing 
Isomers Without Chromatographic Separation

Mark M. Kushnir, Gordon J. Nelson, Elizabeth L. Frank, 
and Alan L. Rockwood

Abstract

Measurement of methylmalonic acid (MMA) plays an important role in the diagnosis of vitamin B12 
deficiency. Vitamin B12 is an essential cofactor for the enzymatic carbon rearrangement of methylmalonyl-
CoA (MMA-CoA) to succinyl-CoA (SA-CoA), and the lack of vitamin B12 leads to elevated concentrations 
of MMA. Presence of succinic acid (SA) complicates the analysis because mass spectra of MMA and SA are 
indistinguishable, when analyzed in negative ion mode and the peaks are difficult to resolve chromato-
graphically. We developed a method for the selective analysis of MMA that exploits the significant differ-
ence in fragmentation patterns of di-butyl derivatives of the isomers MMA and SA in a tandem mass 
spectrometer when analyzed in positive ion mode. Tandem mass spectra of di-butyl derivatives of MMA 
and SA are very distinct; this allows selective analysis of MMA in the presence of SA. The instrumental 
analysis is performed using liquid chromatography-tandem mass spectrometry (LC-MS/MS) in positive 
ion mode, which is, in combination with selective extraction of acidic compounds, is highly selective for 
organic acids with multiple carboxyl groups (dicarboxylic, tricarboxylic, etc.). In this method organic acids 
with a single carboxyl group are virtually undetectable in the mass spectrometer; the only organic acid, 
other than MMA, that is detected by this method is its isomer, SA. Quantitative measurement of MMA in 
this method is performed using a deconvolution algorithm, which mathematically resolves the signal cor-
responding to MMA and does not require chromatographic resolution of the MMA and SA peaks. Because 
of its high selectivity, the method utilizes isocratic chromatographic separation; reconditioning and re-
equilibration of the chromatographic column between injections is unnecessary. The above features of the 
method allow high-throughput analysis of MMA with analysis cycle time of 1 min.

Key words Methylmalonic acid, Succinic acid, Isomers, Derivatization, Liquid chromatography, 
Tandem mass spectrometry, Data analysis, Deconvolution

1  Introduction

Methylmalonyl-CoA (MMA-CoA) is an intermediate in the 
metabolic pathway converting propionyl-CoA to succinyl-CoA 
(SA-CoA) [1]. Vitamin B12 is an essential cofactor for the enzy-
matic carbon rearrangement of MMA-CoA to SA-CoA, and the 
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Lack of vitamin B12 leads to elevated concentrations of MMA. 
Therefore, measurement of free methylmalonic acid (MMA) plays 
an important role in diagnosing vitamin B12 deficiency, which can 
lead to serious and often irreversible neurological and cognitive 
disorders [1–3] as well as megaloblastic anemia [1]. A moderately 
increased MMA concentration (greater than 0.4 μmol/L in serum 
or plasma and greater than 3.6 mmol/mol creatinine in urine) is an 
early indicator of acquired vitamin B12 deficiency; a massive eleva-
tion of MMA in serum, plasma, or urine (100 to 1000 fold above 
the concentrations characteristic for vitamin B12 deficiency) is 
indicative of methylmalonic acidemia, an inborn metabolic disor-
der [2]. A true prevalence of vitamin B12 deficiency is difficult to 
estimate because published reports are based on diverse inclusion 
criteria and methods. However, the prevalence of vitamin B12 defi-
ciency reported for elderly individuals in the Framingham Heart 
Study was 12 % [4].

Both, serum MMA and serum cyanocobalamin measurements 
can be used to detect B12 deficiency; serum MMA has been used to 
assess status of vitamin B12 in tissue, and was shown to be a better 
biomarker of vitamin B12 deficiency than serum cyanocobalamin. 
Advantages of measuring MMA instead of cobalamin include (1) 
the concentration of vitamin B12 in serum or plasma may not ade-
quately reflect tissue cobalamin status; (2) the concentration of 
methylmalonic acid in serum is up to 1000-fold greater than serum 
cyanocobalamin concentration; (3) increased rather than decreased 
concentration is found in vitamin B12 deficiency; and (4) methyl-
malonic acid is more stable than cyanocobalamin.

The major obstacle for MMA analysis in biological fluids is the 
potential interference from other low molecular weight organic 
acids, especially from the naturally occurring structurally related 
isomer, SA, which is typically present in samples at a higher con-
centration than MMA.  SA interference is difficult to overcome 
because the chromatographic characteristics and mass spectra of 
SA are almost identical to those of MMA.

Traditionally, the primary method of choice for measuring 
MMA was gas chromatography-mass spectrometry (GC/MS) 
[5–7]. The main disadvantage of GC-MS methods is relatively 
low throughput of the analysis. Using LC-MS/MS organic acids 
are typically analyzed in negative ion mode so that all organic 
acids are ionized in the ion source and can be detected [8–10]. 
The majority of endogenous organic acids are chromatographi-
cally retained much longer than MMA, because of this LC-MS/
MS methods for MMA utilizing negative ion mode detection 
require extensive column conditioning and re-equilibration 
between every injection. Compared to other published methods, 
this LC-MS/MS method [11, 12] allows increasing throughput 
of analysis by five to tenfold. The major advantage of this LC- 
MS/MS method is in its specificity for short chain dicarboxylic 
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acids (see Note 1), while all other acids are transparent to the 
MS/MS detection [11, 12]. The method is based on unique 
fragmentation of the di-butyl MMA derivative (Fig. 1); the spe-
cific fragmentation, in conjunction with use of mathematical 
deconvolution, allows high-throughput quantitative analysis of 
MMA without the need of chromatographic separation of the 
peaks of MMA and SA [13, 14].

We describe here a rapid method for the selective analysis of 
MMA in serum, plasma, and urine that is based on unique frag-
mentation of di-butyl MMA combined with a mathematical decon-
volution approach, which allows quantitation of MMA in the 
presence of SA without chromatographic separation. The instru-
mental analysis time of this method is 1 min per sample.

2  Materials

	 1.	Serum (serum or serum separator tube) and plasma (sodium 
heparin or EDTA). Samples are stable for 4 days if refrigerated 
or 6 months frozen at or below −20 °C.

	 2.	Timed (24-h) or random urine. Samples are stable for 4 days 
refrigerated or 6 months frozen at or below −20 °C, see Note 2.

	 1.	MMA, SA, ammonium formate, formic acid, phosphoric acid, 
methanol, 2-propanol, methyl-tert-butyl ether (MTBE), 
K2HPO4, NaH2PO4, sodium chloride, urea, creatinine (Sigma-
Aldrich, St Louis, MO).

	 2.	Methyl-d3-malonic acid (MMA d3) (Cambridge Isotope, 
Tewksbury, MA).

	 3.	3  M Hydrochloric acid in 1-butanol (Regis Technologies, 
Morton Grove, IL), see Note 3.

	 4.	Extraction solvent (3 % phosphoric acid in MTBE): To a 4 L 
bottle of MTBE, add 84  mL concentrated phosphoric acid 
(85 %, specific gravity 1.685 g/mL). Cap and mix thoroughly. 
Stable for 2 weeks at ambient temperature.

	 5.	Dialyzed plasma (MMA and SA free). (Basematrix 53, SeraCare 
Life Sciences, Milford, MA). Stable for 1 year at or below −20 °C.

	 6.	Synthetic urine. In a 1 L glass beaker containing 1 L water, 
dissolve 2.8 g K2HPO4, 0.55 g NaH2PO4, 7 g of NaCl, 20 g of 
urea, and 1 g of creatinine. Mix solution until completely dis-
solved. Stable for 2 years at or below −20 °C.

	 7.	Mobile phase A (5 mM ammonium formate): To a 1 L beaker 
containing 300 mL water, add 0.315 g ammonium formate. 
Fill to 1 L with water, mix for 15 min, and filter through a 
0.5 μm filter. Stable for 2 weeks refrigerated or 2 days at ambi-
ent temperature.

2.1  Samples

2.2  Reagents 
and Buffers

High-Throughput Analysis of Methylmalonic Acid in Serum, Plasma…
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Fig. 1 Product ion mass spectra of molecular ion [M + H]+ of the n-dibutyl esters 
of (a) MMA, (b) SA, and (c) mixture of MMA and SA, ratio of the concentrations 
1:50, which is comparable to physiologically observed concentrations
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	 8.	Mobile phase B (5 mM ammonium formate in methanol): To 
a 1 L beaker containing 300 mL methanol, add 0.315 g ammo-
nium formate. Fill to 1 L with methanol, mix for 15 min, and 
filter through a 0.5  μm filter. Stable for 5 days at ambient 
temperature.

	 9.	Needle wash solution (methanol:2-propanol:water, 60:20:20 
(v/v)): Using separate graduated cylinders measure 600 mL 
methanol, 200  mL 2-propanol, and 200  mL water; transfer 
into a 1 L glass bottle, mix, and cap. Stable for 10 days at ambi-
ent temperature.

	 1.	MMA stock calibration standard, 10 mmol/L: Weigh 0.0118 g 
methylmalonic acid, transfer to a 10 mL volumetric flask, and 
fill to volume with methanol. Mix by inversion until the solid 
is dissolved. Stable for 1 year at or below −20 °C.

	 2.	MMA working calibration standard, 10 μmol/L: Add 100 μL 
of 10 mmol/L MMA stock calibration standard into a 100 mL 
volumetric flask containing approximately 50 mL water. Fill to 
volume with nanopure water. Aliquot 400 μL in microcentri-
fuge tubes. Stable for 1 year at or below −20 °C.

	 3.	MMA d3 stock internal standard, 10 mmol/L: Weigh 0.0121 g 
(12.1 mg) of methylmalonic acid d3 (MMA d3) to a 10 mL 
volumetric flask. Fill to volume with methanol. Stable for 2 
years at or below −20 °C.

	 4.	MMA d3 working internal standard, 15 μmol/L: To a 500 mL 
volumetric flask, add 400  mL nanopure water and 750  μL 
methylmalonic acid d3 stock internal standard. Fill to volume 
with nanopure water and mix. Aliquot 5 mL in polypropylene 
tubes. Stable for 1 year at or below −20 °C.

	 5.	SA stock standard, 10 mmol/L: Weigh 0.0118 g succinic acid 
in a 10  mL volumetric flask. Fill to volume with methanol. 
Stable for 2 years at or below −20 °C.

	 6.	SA injection standard: 100 μmol/L: Transfer 100 μL of SA 
stock standard into a 10 mL glass tube and evaporate the sol-
vent at room temperature. Add 40  μL of the derivatizing 
reagent and incubate at 70  °C for 10  min. Evaporate the 
derivatizing reagent; reconstitute the residue with 5.0  mL 
water: methanol 15:85. Stable for 3 months refrigerated.

	 1.	Dialyzed plasma spiked with succinic acid, 6 μmol/L (used as 
a matrix for preparation of quality controls): Add 120 μL suc-
cinic acid stock standard to 200 mL dialyzed plasma. Mix for 
30 min. Stable for 6 months at or below −20 °C.

	 2.	MMA stock standard for preparation of QC, 10  mmol/L: 
Weigh 0.0118 g methylmalonic acid, add to a 10 mL volumet-
ric flask, and fill to volume with methanol. Mix by inversion 
until completely dissolved. Stable for 1 year at or below −20 °C.

2.3  Standards 
and Calibrators

2.4  Quality 
Controls (QC)

High-Throughput Analysis of Methylmalonic Acid in Serum, Plasma…
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	 3.	MMA working standard for preparation of QC, 1 mmol/L: In 
a 10 mL volumetric flask add 1000 μL MMA stock standard, 
add nanopure water to volume, and mix. Stable for 1 week 
refrigerated.

	 4.	Control I, Serum/Plasma, 0.4 μmol/L MMA, and 6 μmol/L 
SA: Add 500 mL dialyzed plasma into a 1 L beaker with a stir 
bar and begin mixing. Add 200 μL of MMA working standard 
for preparing QC (1 mmol/L) and stir for 15 min. Add 300 μL 
succinic acid stock standard (10 mmol/L), cover, and mix for 
additional 30 min Aliquot in 1.5 mL microcentrifuge tubes. 
Stable for 1 year at or below −20 °C.

	 5.	Control II, Serum/Plasma, 1 μmol/L MMA, and 6 μmol/L 
SA: Add 500 mL dialyzed plasma in a beaker with a stir bar, 
add 50 μL MMA stock for preparation of QC, and mix for 
15 min. Add 300 μL succinic acid stock standard, cover, and 
mix for additional 30 min. Aliquot 1.5 mL into microcentri-
fuge tubes. Stable for 1 year at or below −20 °C.

	 6.	Negative Control. Dialyzed plasma (free of MMA, determined 
using this method).

	 7.	Control III, urine, 10 μmol/L MMA, and 6 μmol/L SA: In a 
500 mL beaker pour 250 mL of synthetic urine, add 250 μL of 
MMA stock standard for preparation of QC, and mix for 
15 min. Add 150 μL succinic acid stock standard and fill to 
volume with synthetic urine, cover, and mix for additional 
30 min. Aliquot 1.5 mL into microcentrifuge tubes. Stable for 
1 year at or below −20 °C.

	 8.	Control IV, urine, 20 μmol/L MMA, and 6 μmol/L SA: In a 
500 mL beaker pour 250 mL of synthetic urine, add 500 μL of 
MMA stock standard for preparation of QC, and mix for 
15 min. Add 150 μL succinic acid stock standard and fill to 
volume with synthetic urine, cover, and mix for additional 
30 min. Aliquot 1.5 mL into microcentrifuge tubes. Stable for 
1 year at or below −20 °C.

	 1.	Triple quadrupole mass spectrometer AB3200 with TurboV 
ion source (AB Sciex, Foster City, CA) with built-in switching 
valve.

	 2.	Binary HPLC pump series 1260 (Agilent Technologies, Santa 
Clara, CA), vacuum degasser, autosampler CTC PAL 
(Carrboro, NC) equipped with fast wash station.

	 3.	Vortex with adaptor for microcentrifuge tubes.
	 4.	Evaporator for 96-well plates.
	 5.	Centrifuge for microcentrifuge tubes.
	 6.	Centrifuge with buckets for 96-well plates.
	 7.	Shaker for 96-Well Plates.

2.5  Equipment

Mark M. Kushnir et al.
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	 1.	Microcentrifuge tubes, 2 mL (Eppendorf, Westbury, NY).
	 2.	Deep 96-well plates (2 mL well volume) and sealing mats for 

the plates (Phenomenex, Torrance, CA).
	 3.	Transfer pipettes.
	 4.	HPLC Column Luna C18 30  mm × 3  mm, 5  μm particles; 

SecurityGuard cartridge holder and C18 cartridges 
(Phenomenex, CA).

3  Methods

	 1.	Label a set of 2 mL microcentrifuge tubes.
	 2.	Prepare calibrators and negative control by adding working 

calibration standard and dialyzed plasma to the corresponding 
tubes:
(a)	 Aliquot in the tubes 500 μL of dialyzed plasma.
(b)	 Add in the tubes working calibration standard in amounts 

according to Table 1.
	 3.	Aliquot patient samples and controls:

(a)	 Add 500 μL of serum or plasma patient sample of control 
to labeled tubes.

(b)	 Add 50 μL of urine sample and control to the correspond-
ing tubes.

(c)	 Add 450 μL of nanopure water to the urine sample and 
the urine controls.

	 4.	Add to each tube 50 μL of working internal standard.
	 5.	Add to each tube 1 mL extraction solvent (MTBE/3 % phos-

phoric acid) and close lids.
	 6.	Set tubes in adaptor of vortex and shake for 5 min.

2.6  Supplies

3.1  Procedure

Table 1 
Preparation of calibration standards

Concentration of 
standard, μmol/L

Working calibration 
standard, μL

Dialyzed 
plasma, μL

0.20 10 500

0.40 20 500

0.80 40 500

1.00 50 500

1.50 75 500

2.00 100 500

High-Throughput Analysis of Methylmalonic Acid in Serum, Plasma…
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	 7.	Centrifuge the tubes at 14,000 rpm for 3 min.
	 8.	Transfer the top organic layer from each tube to the corre-

sponding well in the 96-well plate, see Note 4.
	 9.	Set 96-well plate on evaporator and evaporate organic phase 

(50 °C) until completely dry.
	10.	Add in each well of the plate 40 μL of derivatizing reagent 

(3 M HCl in 1-butanol) and cover the plate with sealing mat.
	11.	Incubate the plate at 70 °C for 10 min.
	12.	Remove the plate from the incubator and take off the mat.
	13.	Set 96-well plate on evaporator and evaporate organic (50 °C), 

see Note 5.
	14.	Add in each well 200 μL of reconstitution solvent and cover 

plate with the sealing mat.
	15.	Set plate on shaker for 96-well plates and vortex on medium 

setting for 3 min.
	16.	Centrifuge plate for 1 min at 4000 × g.
	17.	Inject the samples.

	 1.	Mobile phase bottle A—water with 5  mM ammonium 
formate.

	 2.	Mobile phase bottle B—methanol with 5  mM ammonium 
formate.

	 3.	Mobile phase program is summarized in Table 2, see Note 6.
	 4.	Injection volume 20 μL.
	 5.	Autosampler syringe wash solution: methanol, 60 % /isopro-

panol, 20 %/water, 20 %.
	 6.	Mass transitions are listed in Table 3.
	 7.	Voltages and gases flow rates for the mass spectrometer were 

optimized for maximum sensitivity and were as follows:
(a)	 Ionspray voltage: 5000 V.
(b)	 Ion source temperature: 450 °C.
(c)	 Nebulizer gas: 60, heating gas: 60.

3.2  LC-MS/MS

Table 2 
Mobile phase program (flow diverted to waste before 0.3 min and after 
1.0 min)

Step Time, min Flow rate, μL/min A, % B, %

0 0 750 15 85

1 1.0 750 15 85
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(d)	 Collision gas: 6.
(e)	 Declustering potential: 50 V.
(f)	 Entrance potential: 10 V.
(g)	 Collision energy: 15 V.
(h)	 Collision cell exit potential: 6 V.
(i)	 Mass analyzers Q1 and Q3 are set for unit resolution 

(0.7 Da width at 50 % height).

	 1.	Data analysis is performed using software Analyst 1.5 (AB 
Sciex, Foster City, CA) and spreadsheet for deconvolution of 
signal corresponding to the peak area of MMA from the total 
peak area of MMA + SA. Calculations are performed using peak 
areas of the two mass transitions of MMA and MMA d3. The 
algorithm and equations used for deconvolution of the signal 
corresponding to MMA are described in Note 7.

	 2.	Export from Analyst™ to Excel worksheet (Fig. 2) summary 
table with peak areas of mass the transitions m/z 231.2 to 
119.1 and m/z 231.2 to 175.1 (MMA/SA); and m/z 234.2 to 
122.1 and m/z 234.2 to 178.1 (MMA d3).

	 3.	Coefficients of regression equation and correlation coefficient 
are displayed in cells O13–O15 (Fig. 2).

	 4.	The calculated deconvoluted peak area corresponding to the 
signal of MMA is shown in columns “I” (m/z 231.2 to 119.1) 
and “J” (m/z 231.2 to 175.1).

	 5.	Calculated MMA concentration is shown in column “M”.
	 6.	The test results are considered acceptable if the correlation 

coefficient (r) for the calibration curve is greater than 0.995. 
The calculated ratio of the peak areas of two mass transitions 
MMA d3 should be within 30 % of the mean value of the ratio 
observed in the calibration standards of the batch [13, 14]. 
Concentration of MMA in the negative control must be below 
the limit of quantitation of the method; concentration of 
MMA in the controls should be within the limits of the QC 
rules established by the laboratory.

3.3  Data Analysis

Table 3 
Mass transitions

Compound Primary mass transition, m/z
Secondary mass 
transition, m/z

MMA 231.2 to 119.1 231.2 to 175.1

MMA d3 234.2 to 122.1 234.2 to 178.1

Dwell time 150 ms

High-Throughput Analysis of Methylmalonic Acid in Serum, Plasma…
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	 7.	Method performance characteristics: total CV of the method is 
below 10 %; limit of quantitation 0.1 μmol/L; upper limit of 
linearity 150 μmol/L.

	 8.	Reference intervals: serum/plasma < 0.4  μmol/L; urine 
<3.6 mmol MMA/mol creatinine.

4  Notes

	 1.	Detection in this method is specific for organic acids with 
multiple carboxyl groups (dicarboxylic, tricarboxylic); organic 
acids with a single carboxyl group are not detectable by the 
method.

	 2.	Urine samples analyzed for MMA should also be tested for 
creatinine; concentrations of MMA in urine samples are 
reported in the units mmol/mol of creatinine.

	 3.	3 M Hydrochloric acid in 1-butanol is anhydrous.
	 4.	During separation of the organic phase after the extraction, it 

is important to not transfer the aqueous phase.
	 5.	During the evaporation it is acceptable if solution in the wells 

is not completely evaporated.
	 6.	MMA extraction utilized in this method is specific for acidic 

compounds and detection is specific for polycarboxylic acids; 
because of this, the method performs adequately with iso-
cratic chromatographic separation. Reconditioning and re-
equilibration of the chromatographic column between 
injections in this method is not needed.

	 7.	MMA concentration can be determined using an Excel 
spreadsheet (Fig. 2); alternatively, software can be developed 
to calculate the isomers’ concentration. The algorithm for 
determining MMA concentration from the total peak intensity 
of MMA and SA [13, 14] is based on the following assump-
tions: (1) signal in the mass transitions originates only from the 
MMA and SA (see Note 1); (2) the total acquired signal is a 
linear combination of the signal from MMA and SA; and 
(3) magnitude of the ratios of the two mass transitions of 
MMA and SA is significantly different. The following informa-
tion is required for determining the concentration of MMA:
(a)	 Ratio of the peak areas of the mass transitions m/z 

175/119 of a pure standard of MMA.
(b)	 Ratio of the peak areas of the mass transitions m/z 

175/119 of a pure standard of SA.
(c)	 Peak area of mass transitions m/z 231.2 to 119.1 and 

m/z 231.2 to 175.1, corresponding to the signal from 
MMA/SA.

High-Throughput Analysis of Methylmalonic Acid in Serum, Plasma…
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(d)	 Peak area of mass transitions m/z 234.2 to 122.1 and m/z 
234.2 to 178.1 corresponding to the signal from MMA d3.

(e)	 The slope, y-intercept, and R2 for the calibration curve.

The algorithm determines

●● Deconvoluted peak areas corresponding to MMA.
●● The concentration of MMA.
●● QC metrics for assessment of the performance of the 

method.

A description of the algorithm and derivation of the equations 
for calculation of the concentrations of the isomers from the total 
peak intensities of unresolved chromatographic peaks and an 
example of the calculations is shown below.

A model describing the relationship between signal intensities 
of coeluting chromatographic peaks can be presented as a system 
of linear equations:

	 M R MM175 119= ´ 	 (1)

	 S R SS175 119= ´ 	 (2)

	 I M S119 119 119= + 	 (3)

	 I M S175 175 175= + 	 (4)

where M119 and M175 are peak areas of the mass transitions m/z 
231/119 and m/z 231/175 of MMA; S119 and S175 are peak areas 
of the mass transitions m/z 231/119 and m/z 231/175 of SA, 
respectively; RM and RS are ratios of the peak areas of mass transi-
tion m/z 231/175 and m/z 231/119 of the standards of MMA 
and SA, respectively.

I119 and I175 are total peak area of mass transitions m/z 231/175 
and m/z 231/119, respectively in analyzed samples.

Equations (1)–(4) have four unknowns; and because the num-
ber of the unknowns is equal to the number of the equations, this 
system of equations has a single solution.

Rearranging Eqs. 1 and 2 gives:

	 M M R S S RM S119 175 119 175= =/ /and 	 (5)

After substitution of the two values in Eq. 3

	 I M R S R119 175 175= +/ /MMA SA 	 (6)

Solution of the system of equations (Eqs. 1–4) for the deconvo-
luted peak area of MMA:

	
I R I I R RM S M S119 119 175= - ´ +( ) ( )/

	
(7)

	
I R R I I R RM M S M S175 119 175= ´ - ´ +( ) ( )/

	
(8)
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Solution of the system of equations (Eqs. 1–4) for the deconvoluted 
peak area of SA is:

	 I R I I R RS M M S119 119 175= ´ -( ) ( )/ 	 (9)

	 I R R I I R RS S M M S175 119 175= ´ ´ -( ) ( )/ 	 (10)

At the MS/MS acquisition conditions utilized in the method, typi-
cal ratios of the mass transition m/z 175/119 for MMA and SA are 
RM = 0.35 ± 0.05 and RS = 2.0 ± 0.1, respectively. The actual values 
of the ratios are determined for each batch of samples and used for 
the calculations in the spreadsheet (Fig. 2).

Figure 3 shows example of chromatograms representing per-
formance of the algorithm for MMA analysis in presence of SA in 
human plasma sample. The solid line represents the total intensity 

Time, min
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0.5 1 2
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0
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15000

30000

45000
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Fig. 3 MRM chromatograms of a patient sample containing 0.21 μmol/L of MMA and 4.0 μmol/L of SA (a and 
b are transitions m/z 231 to 119, c and d are transitions m/z 231 to 175). Chromatograms a and c are for the 
method utilizing chromatographic separation of MMA and SA; chromatograms b and d are for the method 
utilizing the deconvolution and no chromatographic separation. Solid line (b and d) corresponds to acquired 
data; dotted lines are deconvoluted peaks corresponding to MMA and SA (calculated from individual scans 
utilizing Eqs. 7 and 8)
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of the mass transitions of the unresolved peaks that is acquired by 
the instrument. The intensity of each individual transition (dotted 
lines) was calculated utilizing the RM and RS ratios obtained from 
injections of pure standards of MMA and SA, total area of the 
peaks I119, I175, and the derived formulas (Eqs. 7 and 8). As Fig. 3 
shows there is a good agreement between the peak intensities 
determined the utilized algorithm versus intensities observed in 
the method utilizing chromatographic separation (Fig. 3a, c).

Below is an example of calculating peak areas of the mass tran-
sitions of MMA m/z 231/119 and 231/175. The following data 
are used in this example:

RM = 0.3; RS = 2.0—ratios of the peak areas of the mass transi-
tions of MMA and SA, respectively.

I119 = 125,000; I175 = 60,000; IS122 = 115,000; IS178 = 34,000—
peak areas of the mass transitions monitored in the method.

MMA peak area (mass transition m/z 231/119) calculated 

using Eq. 7: 

I R I I R RM S M S119 119 175

2 0 125 000 60 000 0 3 2

= - ´ +( ) ( )
= - ´ +( )

/

. , , / . .00

111 760
( )

= ,
MMA peak area (mass transition m/z 231/175) calculated 

using Eq. 8: 

I R R I I R RM M S M S175 119 175

0 3 2 0 125 000 60 000

= - +( ) ( )
= - +( )

* * /

. * . * , , // . .

, .

0 30 2 0

33 529
( )

=
The above two values, I119 M and I175 M, are the deconvoluted 

peak areas of MMA from the total signal from the peaks of MMA 
and SA.

In order to determine the MMA concentration in the sample, 
peak area must be normalized to the peak area of the internal stan-
dard, and the MMA/ISTD ratio must be calculated.

	 M119 122 111 760 115 000 0 972/ , / , .IS = = 	

 M175 175 33 529 34 000 0 786/ , / , .IS = = 	

These ratios are used to calculate concentration of MMA using 
linear regression equations determined from the calibration stan-
dards analyzed in the batch of samples. Ratio of the peak areas of 
two mass transitions of MMA d3 is calculated for evaluation of the 
specificity [15].

Data demonstrating comparison of the quantitation with 
chromatographically resolved peaks of isomers, and the method 
utilizing the described mathematical approach have been pub-
lished [13, 14].

The deconvolution algorithm can be applied for quantitation 
of unresolved chromatographic peaks and is not unique to the 
analysis of MMA and SA. Deconvolution can be applied for quan-
titative analysis of any molecules with identical mass fragments, 
which produce a distinct ratio of the product ions.

Mark M. Kushnir et al.



173

References

	 1.	Cox EV, White AM (1962) Methylmalonic 
acid excretion: an index of vitamin B12 defi-
ciency. Lancet 2:853–856

	 2.	Fenton WA, Rosenberg LE (2001) Disorders 
of propionate and methylmalonate metabo-
lism. In: Scriver CR, Beaudet AL, Sly WS, Valle 
D (eds) The metabolic and molecular bases of 
inherited disease. McGraw-Hill, Inc, New York, 
pp 2177–2193

	 3.	Barness LA, Young D, Mellman WJ, Kahn SB, 
Williams WJ (1963) Methylmalonate excretion 
in a patient with pernicious anemia. N Engl J 
Med 268:144–146

	 4.	Lindenbaum J, Rosenberg IH, Wilson PW, 
Stabler SP, Allen RH (1994) Prevalence of 
cobalamin deficiency in the Framingham 
elderly population. Am J Clin Nutr 60:2–11

	 5.	Stabler SP, Marcell PD, Podell ER, Allen RH, 
Lindenbaum J (1986) Assay of methylmalonic 
acid in the serum of patients with cobalamine 
deficiency using capillary gas chromatography-
mass spectrometry. J Clin Invest 77:1606–1612

	 6.	McCann MT, Thompson MM, Gueron IC, 
Lemieux B, Giguere R, Tuchman M (1996) 
Methylmalonic acid quantification by stable 
isotope dilution gas chromatography-mass 
spectrometry from filter paper urine samples. 
Clin Chem 42:910–914

	 7.	Kushnir MM, Komaromy-Hiller G (2000) 
Optimization and performance of a rapid 
GC-MS analysis for methylmalonic acid deter-
mination in serum and plasma. J Chromatogr B 
741:231–241

	 8.	Yuan C, Gabler J, El-Khoury JM, Spatholt R, 
Wang S (2012) Highly sensitive and selective 

measurement of underivatized methylmalonic 
acid in serum and plasma by liquid 
chromatography-tandem mass spectrometry. 
Anal Bioanal Chem 404:133–140

	 9.	Pedersen TL, Keyes WR, Shahab-Ferdows S, 
Allen LH, Newman JW (2011) Methylmalonic 
acid quantification in low serum volumes by 
UPLC-MS/MS.  J Chromatogr B 879: 
1502–1506

	10.	Magera MJ, Helgeson JK, Matern D, Rinaldo 
P (2000) Methylmalonic acid measured in 
plasma and urine by stable-isotope dilution and 
electrospray tandem mass spectrometry. Clin 
Chem 46:1804–1810

	11.	Kushnir MM, Komaromy-Hiller G, Shushan B, 
Urry FM, Roberts WL (2001) Analysis of 
dicarboxylic acids by tandem mass spectrome-
try. High throughput quantitative measure-
ment of methylmalonic acid in serum, plasma 
and urine. Clin Chem 47:1993–2002

	12.	Shushan B, Kushnir MM, Komaromy-Hiller G 
(2000) Method of analyzing dicarboxylic acids. 
US patent 6,692,971

	13.	Kushnir MM, Rockwood AL, Nelson GJ 
(2004) Simultaneous quantitative analysis of 
isobars by tandem mass spectrometry from 
unresolved chromatographic peaks. J Mass 
Spectrom 39:532–540

	14.	Kushnir MM, Rockwood AL, Nelson GJ 
(2002) Methods for data analysis in tandem 
mass spectrometry. US patent 7,158,903

	15.	Kushnir MM, Rockwood AL, Nelson GJ, Yue 
B, Urry FM (2005) Assessing analytical speci-
ficity in quantitative analysis using tandem mass 
spectrometry. Clin Biochem 38:319–327

High-Throughput Analysis of Methylmalonic Acid in Serum, Plasma…



175

Uttam Garg (ed.), Clinical Applications of Mass Spectrometry in Biomolecular Analysis: Methods and Protocols, Methods 
in Molecular Biology, vol. 1378, DOI 10.1007/978-1-4939-3182-8_19, © Springer Science+Business Media New York 2016

    Chapter 19   

 Quantitation of 5-Methyltetrahydrofolate in Cerebrospinal 
Fluid Using Liquid Chromatography-Electrospray Tandem 
Mass Spectrometry       

     Erland     Arning       and     Teodoro     Bottiglieri      

  Abstract 

   We describe a simple stable isotope dilution method for accurate and precise measurement of cerebrospinal 
fl uid (CSF) 5-methyltetrahydrofolate (5-MTHF) as a clinical diagnostic test. 5-MTHF is the main biologi-
cally active form of folic acid and is involved in regulation of homocysteine and DNA synthesis. Measurement 
of 5-MTHF in CSF provides diagnostic information regarding diseases affecting folate metabolism within 
the central nervous system, in particular inborn errors of folate metabolism. Determination of 5-MTHF in 
CSF (50 μL) was performed utilizing high performance liquid chromatography coupled with electrospray 
positive ionization tandem mass spectrometry (HPLC-ESI-MS/MS). 5-MTHF in CSF is determined by 
a 1:2 dilution with internal standard (5-MTHF- 13 C 5 ) and injected directly onto the HPLC-ESI-MS/MS 
system. Each assay is quantifi ed using a fi ve-point standard curve (25–400 nM) and has an analytical mea-
surement range of 3–1000 nM.  

  Key words      5-Methyltetrahydrofolate    ,   Cerebral  folate defi ciency    ,    Methylation    ,    Mass spectrometry    

1      Introduction 

  5-Methyltetrahydrofolate   (5-MTHF) is the predominant form of 
folate in  cerebrospinal fl uid   (CSF). Testing for 5-MTHF in CSF is 
useful to determine a defi ciency of folate in the central nervous 
system. Low 5-MTHF levels are associated with inborn errors of 
metabolism affecting folate metabolism and in dietary defi ciency of 
folate. Disorders associated with low folate include anemia, devel-
opmental delay, seizures, depression, dementia, cerebral  folate 
defi ciency  , and Kearns-Sayre syndrome [ 1 ]. More recent reports 
indicate that there is reduced uptake of 5-MTHF across the blood–
brain barrier due to the presence of auto- antibodies to the folate 
receptor at the choroid plexus. Patients with cerebral folate defi -
ciency (CFD) are characterized by normal  plasma   folate in the 
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presence of decreased concentration of 5-MTHF in CSF [ 2 ,  3 ]; 
patients with CFD have neurological complications. The following 
is a simple high performance  liquid chromatography  -tandem mass 
 spectrometry   ( HPLC  -MS/MS) method for determination of 
cerebrospinal fl uid 5-MTHF as a clinical diagnostic test.  

2    Materials 

   Human lumbar CSF—Specimen drawn any time during the day 
will be acceptable. No patient preparation is required. Optimal 
volume of 1.0 ml (minimum 0.25 mL) CSF should be collected in 
tube 2 (or 1, 4 or 5) of the collection kit provided by the testing 
laboratory or in a regular CSF collection tube. If the CSF is clear, 
the sample should be immediately frozen at the bedside on dry 
ice. If blood contaminated, the sample should be placed on wet ice, 
centrifuged within 5 min, and the clear CSF transferred to another 
vial and frozen on dry ice as soon as possible. CSF is stored at −80 °C 
until time of testing.  

       1.    Magnesium chloride × 6H 2 O, ACS grade.   
   2.    Sodium phosphate dibasic anhydrous, ACS grade.   
   3.    Mobile Phase A (0.1 % formic acid in  HPLC  -grade water): In 

a hood 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, up to 3 months.   

   4.    Mobile Phase B (0.1 % formic acid in methanol): In a hood, 
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, up to 3 months.   

   5.    10× Artifi cial CSF (aCSF): 1450 mM NaCl, 27 mM KCl, 
10 mM MgCl 2 , 12 mM CaCl 2 , 20 mM Na 2 HPO 4 .
   (a)    Weigh the following and combine in 100 mL volumetric 

fl ask containing 50 mL water: 8.474 g NaCl, 0.201 g KCl, 
0.203 g MgCl 2 , 0.176 g CaCl 2 , 0.284 g Na 2 HPO 4 .   

  (b)    Bring to volume with water.   
  (c)    Add small magnetic stir bar and mix on magnetic stirrer 

until dissolved.   
  (d)    Adjust pH to 7.4 with 85 % phosphoric acid.   
  (e)    Store at 2–8 °C for up to 1 year.    

      6.    1× aCSF: Add 1 mL 10× aCSF to a 10 mL volumetric fl ask 
and bring to volume with water. 1× aCSF is stable for up to 8 h 
at 2–8 °C and must be made fresh daily.      

2.1  Samples

2.2  Solvents 
and Reagents

Erland Arning and Teodoro Bottiglieri
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       1.    Primary standard: 5-MTHF ((6S)-5-Methyl-5,6,7,
8- tetrahydrofolic acid, calcium salt) (Schircks Laboratories).   

   2.    Primary internal standard (I.S.): 5-MTHF- 13 C 5  (Calcium-L - 
Mefolinate- 13 C 5   ) (Merck Eprova).   

   3.    5-MTHF Standard Stock Solution (1 mM): Add 49.8 mg 
5-MTHF to 100 mL volumetric fl ask, bring to volume with 
water containing 1 mg/mL ascorbic acid. Wrap fl ask with foil 
and sonicate for 5 min. Store in 125 μL aliquots at −80 °C for 
up to 4 years ( see   Note 1 ).   

   4.    5-MTHF- 13 C 5  I.S. Stock Solution (1 mM): Add 5 mg 
5-MTHF- 13 C 5    to 10 mL volumetric fl ask, bring to volume 
with water containing 1 mg/mL ascorbic acid. Wrap fl ask with 
foil and sonicate for 5 min. Store in 125 μL aliquots at −80 °C 
for up to 4 years ( see   Note 1 ).   

   5.    I.S. Working Solution (5-MTHF- 13 C 5  prepared in water con-
taining ascorbic acid and dithiothreitol): Add 2 μL 1 mM 
5-MTHF- 13 C 5  to 2 mL of water containing 40 mg ascorbic 
acid and 18 mg dithiothreitol in a 2 mL screw-top tube and 
mix by vortex. Working internal standard may be stored in the 
refrigerator at 0–10 °C for up to 8 h. Volume of internal stan-
dard may be increased to process the number of specimens 
within the assay.      

       1.    Calibrators: 5-MTHF Working Standard Curve, dilute stock 
solution 1 mM 5-MTHF as follows:
   (a)    Dilution A (100 μM): Add 100 μL of 1 mM 5-MTHF 

stock solution to 900 μL of 1× aCSF and mix well by 
vortex.   

  (b)    Dilution B (10 μM): Add 100 μL Dilution A to 900 μL of 
1× aCSF and mix well by vortex.   

  (c)    Dilution C (1 μM): Add 100 μL Dilution B to 900 μL of 
1× aCSF and mix well by vortex.   

  (d)    Working Standard Curve (25–400 nM): Add 400 μL of 
Dilution C to 600 μL of 1× aCSF and mix well by vortex. 
Perform four additional serial dilutions by adding 500 μL 
of previous standard to 500 μL of 1× aCSF. This will pro-
vide a calibration curve of (400, 200, 100, 50, 25 nM). 
Working standard curve may be stored in the refrigerator 
at 4 °C for up to 8 h ( see   Note 2 ).       

   2.    Normal Control: (5-MTHF = 80–240 nM target value):
   (a)    Prepare 10 mL pooled CSF.   
  (b)    Assay pooled CSF to quantitate the native concentration 

of 5-MTHF.   

2.3  Internal 
Standards 
and Standards

2.4  Calibrators 
and Controls
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  (c)    Spike or dilute pooled CSF with diluted stock standard or 
water to obtain a fi nal concentration of 80–240 nM 
5-MTHF. Store in 80 μL aliquots at −80 °C for up to 4 
years ( see   Note 1 ).       

   3.    Abnormal Control: (5-MTHF = 20–40 nM target value):
   (a)    Prepare 10 mL pooled CSF.   
  (b)    Assay pooled CSF to quantitate the native concentration 

of 5-MTHF.   
  (c)    Spike or dilute pooled CSF with diluted stock standard or 

water to obtain a fi nal concentration of 20–40 nM 
5-MTHF. Store in 80 μL aliquots at −80 °C for up to 4 years 
( see   Note 1 ).          

       1.    Shimadzu Prominence liquid chromatograph system with 
ABSciex 4000QTRAP ®  with Analyst software version 1.6.2.   

   2.    Analytical Column: Phenomenex Synergi-Hydro, 4 μm, 
150 × 3 mm.   

   3.    Guard Column: Phenomenex Security Guard, 5 μm, 4 × 3 mm.   
   4.    1.5 mL microcentrifuge tubes.       

3    Methods 

       1.    To labeled 1.5 mL microcentrifugal units, pipette 50 μL sam-
ple (calibrators, controls, patient CSF).   

   2.    Add 50 μL of 5-MTHF- 13 C 5  I.S. Working Solution.   
   3.    Cap and vortex mix tubes at maximum speed for 3 s.   
   4.    Centrifuge for 10 min at 14,000 ×  g .   
   5.    Transfer 90 μL of prepared sample into corresponding work 

list position in 96-well microtiter plate and cover with silicone 
cover.   

   6.    Place completed 96-well microtiter plate onto refrigerated 
autosampler (4 °C).   

   7.    Inject 10 μL of sample onto  HPLC  -ESI-MS/MS. 
Representative HPLC-ESI-MS/MS ion chromatograms for 
5-MTHF and I.S. are shown in Figs.  1  and  2  ( see   Note 3 ).

               1.    Instrumental operating parameters are given in Table  1 .
       2.    Data are analyzed using Analyst software version 1.6.2 (AB 

Sciex).   
   3.    Standard curves are generated based on linear regression of the 

analyte/I.S. peak-area ratio ( y ) versus analyte concentration 
( x ) using the primary ions indicated in Table  2 .

2.5  Analytical 
Equipment 
and Supplies

3.1  Sample 
Preparation

3.2  Data Analysis
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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 
values. Inter-day precision was evaluated by repeated analysis 
of bi-level QC material analyzed in duplicate over a period of 
20 different days.   

   5.     Liquid chromatography   retention time window limits for 
5-MTHF and 5-MTHF- 13 C 5  are set at 3.7 (±0.2) min.   

   6.    The assay has a lower limit of quantitation of 3 nM for 
5-MTHF, with imprecision of <6 % over the entire range. 
 See   Note 4  for information regarding ion suppression studies. 
 See  Table  3  for age-specifi c reference range [ 4 ].

4            Notes 

     1.    Individual sets of 5-MTHF Standard and Internal Standard 
Stock Solutions and controls can be pre-aliquoted and frozen 
until use in each analytical run. For each set pipette specifi ed 

  Fig. 1     HPLC  -ESI-MS/MS ion chromatogram of 5-MTHF 100 nM standard. [5-MTHF 1 ( m / z  460.3 > 313.3), 
5-MTHF 2 ( m / z  460.3 > 194.5), and 5-MTHF-13C5 ( m / z  465.3 > 313.3)]       
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volume of stock standards/control solution into 1.5 mL 
microfuge tubes and freeze at −80 °C until use. Thaw com-
pletely before use. Stable for 4 years at −80 °C.   

   2.    A new standard curve should be prepared with each analytical 
run to optimize method performance.   

   3.    The controls are analyzed at the beginning of analysis, every 
fi ve unknowns and at the end of the assay as analysis 
verifi cation.   

   4.    Ion suppression effects were evaluated by sample infusion 
method. No signifi cant interferences or ion suppression was 
identifi ed.         

  Fig. 2     HPLC  -ESI-MS/MS ion chromatogram of 5-MTHF abnormal QC (30 nM). [5-MTHF 1 ( m / z  460.3 > 313.3), 
5-MTHF 2 ( m / z  460.3 > 194.5), and 5-MTHF-13C5 ( m / z  465.3 > 313.3)]       
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   Table 1  
   HPLC  -ESI-MS/MS operating conditions   

 (a)  HPLC   (5-MTHF) a  

 Column temp  40 °C 

 Flow rate  0.375 mL/min 

 Gradient  Time (min)  Mobile phase A (%) 

 0  100 

 1.5  0 

 2  0 

 2.1  100 

 (b) MS/MS tune settings b  

 Entrance potential (V)  10 

 Curtain gas (psi)  20 

 CAD gas  Medium 

 Ion spray (V)  5500 

 Temp (°C)  500 

 GS 1 (psi)  50 

 GS 2 (psi)  50 

 Resolution Q1 and Q3  Unit 

   a Optimized for Shimadzu prominence  liquid chromatography   system equipped with 
Phenomenex Synergi-Hydro, 4 μm, 150 × 3 mm analytical column; Mobile phase A: 
0.1 % formic acid in water; Mobile phase B: 0.1 % formic acid in methanol 
  b Optimized for ABSciex 4000QTRAP ® . Tune settings may vary slightly between 
instruments  

   Table 2  
   HPLC  -ESI-MS/MS operating conditions   

 MRM transition 

 Compound  Q1 ( m / z )  Q3 ( m / z )  Dwell time (ms)  DP (V)  CE (V)  CXP (V) 

 5-MTHF 1  460.3 a   313.3 a,b   150  96  29  18 

 5-MTHF 2  460.3 a   194.5 a,c   150  96  48  8 

 5-MTHF- 13 C 5   465.3 a   313.1 a,b   150  96  29  18 

   a Optimized  m / z  may change based on tuning parameters and instrument used 
  b Primary ion for 5-MTHF quantitation 
  c Secondary ion used for MRM ratio confi rmation  

Quantitation of 5-Methyltetrahydrofolate in Cerebrospinal Fluid…



182

   Table 3  
  Age-specifi c reference range for CSF 5-MTHF   

 Age  5-MTHF (nmol/L) 

 0–1 year ( n  = 12)  63–129 

 2–3 years ( n  = 32)  44–122 

 4–18 years ( n  = 19)  42–81 

  Table modifi ed from reference [ 3 ]  
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    Chapter 20   

 Quantitative Organic Acids in Urine by Two Dimensional 
Gas Chromatography-Time of Flight Mass Spectrometry 
(GCxGC-TOFMS)       

     Lawrence     Sweetman      ,     Paula     Ashcraft    , and     Jeanna     Bennett-Firmin     

  Abstract 

   Seventy-six organic acids in urine specimens are determined with quantitative two dimensional Gas 
Chromatography-Time of Flight Mass Spectrometry (GCxGC-TOFMS). The specimen is treated with 
urease to remove urea then derivatized to form pentafl uorobenzyl oximes (PFBO) of oxoacids. The sample 
is then treated with ethyl alcohol to precipitate proteins and centrifuged. After drying the supernatant, the 
organic acids are derivatized to form volatile trimethylsilyl (TMS) derivatives for separation by capillary 
two dimensional Gas Chromatography (GCxGC) with temperature programming and modulation. 
Detection is by Time of Flight Mass Spectrometry (TOFMS) with identifi cation of the organic acids by 
their mass spectra. Organic acids are quantitated by peak areas of reconstructed ion chromatograms with 
internal standards and calibration curves. Organic acids are quantifi ed to determine abnormal patterns for 
the diagnosis of more than 100 inherited disorders of organic acid metabolism. Characteristic abnormal 
metabolites are quantifi ed to monitor dietary and other modes of treatment for patients who are diagnosed 
with specifi c organic acid disorders.  

  Key words      Urine organic acid  s  ,    Trimethylsilyl derivatives (TMS)    ,    Mass spectrometry    

1      Introduction 

 Qualitative analysis of organic acids in urine by  gas chromatography  –
mass spectrometry (GCMS) is an important laboratory procedure 
for the diagnosis of inherited disorders of organic acid, amino 
acid, and fatty acid oxidative metabolism. Quantitative analysis of 
urinary organic acids is helpful for diagnosis and is essential for 
monitoring the clinical management of diagnosed patients. Critical 
steps for quantitative analysis are the extraction of the organic acids 
from urine and  derivatization   for GCMS analysis. Organic solvent 
extraction is commonly used but has the disadvantages of large 
differences in extraction effi ciency of different organic acids and 
interferences from extracted inorganic acids and other compounds. 
Liquid partition chromatography provides more uniform extraction 
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effi ciency and removes inorganic acids but is a laborious and 
time-consuming procedure [ 1 ]. An alternative simplifi ed prepara-
tion method is to treat the urine with urease to remove the large 
amount of urea that interferes with the GCMS analysis followed by 
derivatization and GCMS. The chromatogram includes amino 
acids and sugars in addition to the organic acids and can increase 
the range of inherited disorders that can be detected. However, it 
has the disadvantage of a much more complicated GCMS profi le 
with more compounds co-eluting making quantitation of the 
organic acids more diffi cult [ 2 – 4 ]. The analysis of organic acids 
with solvent extraction and derivatization has been improved by 
replacing GCMS with two dimensional GC-time of fl ight  mass 
spectrometry   (GCxGC-TOF-MS) using two columns of different 
polarity to obtain two dimensions of separation, decreasing the 
number of co-eluting peaks [ 5 ]. We have developed a quantitative 
urine organic acid analysis combining the simplicity of urease 
treatment, pentafl uorobenzyloximation, trimethylsilyl derivatization 
( TMS  ), and enhanced peak separation by GCxGC-TOFMS. Two 
dimensional separation improves the separation and identifi cation 
of acids from their deconvoluted spectra. Organic acids are quanti-
tated by peak areas of reconstructed ion chromatograms with 
internal standards and calibration curves. This urease treatment of 
urine, TMS derivatization followed by GCxGC-TOFMS method 
can be extended to include amino acids, sugars, purines, pyrimi-
dines etc. as an improvement of the urease GCMS procedure [ 2 ].  

2    Materials 

   Random clean-catch urine collected into a sterile container is 
acceptable. No preservatives or stabilizing agents should be added 
to the urine. Optimal sample volume is 3 mL; the minimum sam-
ple volume is 1 mL. The sample should be stored at 2–8 °C imme-
diately and frozen at −20 °C within 4 h of collection. The urine 
sample may be stored at −20 °C for up to 1 year without compro-
mise of the sample integrity except for the loss of oxo (keto) acids.  

       1.    Urease 12KU type C-3: Use equal milliliter amounts of deion-
ized water to the printed weight on the urease vial (e.g., Urease 
contents weight is 7.53 mg, add 7.53 mL of water). Aliquot 
and store in the −20 °C freezer.   

   2.    Acetic Acid 1:100 dilution with water—add 9.9 mL of H 2 O to 
100 μL of Acetic Acid.   

   3.     o -(2,3,4,5,6-pentafl uorobenzyl)hydroxylamineHCl (PFBO) 
(Sigma, 250 mg F.W. 249.6): Dissolve 10 mg in 1 mL of 1:100 
Acetic Acid: H 2 O, depending on the number of samples being 
processed (40 μL needed per sample). Prepare fresh daily no 
more than 1 h prior to use.   

2.1  Samples

2.2  Reagents

Lawrence Sweetman et al.
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   4.    TriSil (Pierce). One mL ampules, store at 2–8 ° C, stable 1 year.   
   5.    BSTFA (Supelco). One mL ampules, store at 2–8 °C, stable 1 year.   
   6.    BSTFA:TriSil  Derivatization   mixture: Equal volumes of 

BSTFA and TRISIL are transferred from the sealed glass 
ampules into a Screw-Cap vial and gently mixed. Store at 2–8 °C. 
Stable for 2 weeks.   

   7.    Sodium Bicarbonate, NaHCO 3 , 20 mM: Dissolve 840.1 mg in 
500 mL deionized water. Store in a Nalgene bottle with screw 
cap at 2–8 °C, stable for 1 year.   

   8.    Hydrochloric Acid, HCl, 20 mM. Dilute 0.16 mL of concen-
trated reagent grade hydrochloric acid up to 100 mL with 
deionized water. Store at room temperature, stable for 1 year.      

   Seventy-six standard acids (Table  1 ) are divided into fi ve different 
calibration mixtures so that no organic acids in a mixture coelute (i.e., 
different retention indices, RI).  See  Table  2  for example. Where 
possible, authentic high purity standards are purchased from bio-
chemical manufacturers ( see   Note 1 ). In a few cases when not com-
mercially available, standards have been synthesized. The purity of 
these compounds is always checked by GCxGC-TOFMS prior to 
using them in the calibration procedure.

    The stock standards are typically prepared as 10 mM solutions 
in aqueous or methanol solvents that are most appropriate for 
good solubility and stability. Solvent A is 20 mM sodium bicarbon-
ate which is used for as many acids as possible to give stable, non-
volatile sodium salts of the acids. Solvent B is 20 mM HCl, used 
primarily for 2-oxoacids which are unstable in sodium bicarbonate. 
Solvent C is methanol for fatty acids and longer chain dicarboxylic 
acids which are not soluble in water. The stock standards are stable 
indefi nitely at −20 °C, with a few exceptions (oxoacids). 

 To calibrate the instrument (performed every 6 months), stock 
standards are combined into three different solvent mixtures for 
each of the fi ve calibration mixtures. Each solvent mix will contain 
46 times the volume of each acid that is needed for a 1× calibration. 
 See  Table  2  for example. This is suffi cient to use these mixes for the 
complete calibrations of levels 0.02×, 0.1×, 0.2×, 1×, 3×, 5×, and 
10× ( see  Table  3  for setup). The different concentration levels are 
set up, extracted, and analyzed using the same methodology as 
patient samples. The Calibration module in Leco’s ChromaTof 4.1 
software is utilized to create the calibration curves that will quanti-
tate the 76 compounds in patient and control samples ( see   Note 2 ).

          1.    Artifi cial urine is prepared to use as a blank and for calibration. 
Creatinine is excluded due to possible interference with calibra-
tion of some compounds. In a clean 1000 mL beaker, add 
500 mL of distilled water. Add 9.1 g of urea to the water and mix 
until all crystals are dissolved. Add 3.75 g of sodium chloride, 

2.3  Standards 
and Calibrators

2.4  Quality Controls

Quantitative Organic Acids in Urine by Two Dimensional Gas…
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   Table 1  
  Standards   

 Pre-  Name  Synonym  Supp.  Mol. wt. 

 Acetoacetic Li salt  Lithium acetoacetate  Sigma  108.00 

  N -  Acetylaspartic  Aldrich  175.10 

  N -  Acetyltyrosine  Sigma  223.20 

 Aconitic   cis -Aconitic  Sigma  174.10 

 Adipic  Sigma  146.14 

 Benzoic-Na salt  Aldrich  144.10 

 Butyrylglycine  ten Brink 

 Citric, anhydrous  Sigma  192.10 

 Decanoic  Capric  Sigma  172.27 

 Ethylmalonic  Sigma  132.10 

 Fumaric (free acid)  Aldrich  116.07 

 Glutaconic  ICN  130.10 

 Glutaric  Sigma  132.10 

  DL   Glyceric hemi Ca salt  Sigma  125.10 

 Glycolic  Sigma  76.05 

 Glyoxylic Na salt  Sigma  114.00 

 Hexanoylglycine  ten Brink  173.21 

 Hippuric  Benzoylglycine  Sigma  179.18 

 3-  Hydroxy-3-methylglutaric  HMG  Sigma  162.10 

 2-  Hydroxy-3-methylvaleric Na salt  Sigma  154.10 

 2-  Hydroxyadipic  UAM  162.16 

 3-  Hydroxybutyric Na salt  beta-Hydroxybutyric-Na salt  Sigma  126.10 

 4-  Hydroxybutyric Na salt  gamma-Hydroxybutyric-Na  Sigma  126.10 

 4-  Hydroxycyclohexylacetic  UAM  158.19 

 2-  Hydroxyglutaric di-Na salt   L -a-hydroxyglutaric  Sigma  192.10 

 3-  Hydroxyglutaric  ten Brink  192.10 

 3-  Hydroxyisobutyric  beta-Hydroxyisobutyric  UAM  104.12 

 2-  Hydroxyisocaproic  alpha-hydroxyisocaproic  Sigma  132.20 

 2-  Hydroxyisovaleric  alpha-Hydroxyisovaleric  Fluka  118.13 

 3-  Hydroxyisovaleric  beta-Hydroxyisovaleric  UAM  118.13 

(continued)
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Table 1
(continued)

 Pre-  Name  Synonym  Supp.  Mol. wt. 

 5-  Hydroxymethyluracil  Sigma  142.10 

 2-  Hydroxyphenylacetic   o -Hydroxyphenylacetic  Sigma  152.10 

 4-  Hydroxyphenylacetic   p -Hydroxyphenylacetic  Sigma  152.10 

 4-  Hydroxyphenyllactic   p -Hydroxyphenyllactic  Sigma  182.20 

 4-  Hydroxyphenylpyruvic   p -Hydroxyphenylpyruvic  Sigma  180.16 

 3-  Hydroxypropionic  Ethylhydracrylic  Fluka  90.08 

 3-  Hydroxyvaleric K salt (94 %)  UAM  156.00 

 Isobutyrylglycine  ten Brink 

 Isocitric-3 Na salt  Sigma  258.10 

 Isovalerylglycine  UAM  159.21 

 Lactic   L -(+)-Lactic  Sigma  90.08 

 Malic  Sigma  134.10 

 Malonic  Sigma  104.10 

 2-  Methyl-3-hydroxybutyric (80 %)  UAM  118.13 

 2-  Methyl-3-hydroxyvaleric  3-Hydroxy-2-methylvaleric  UAM  132.16 

 2-  Methylacetoacetic  Med. Isotopes  116.11 

 2-  Methylbutyrylglycine  ten Brink  159.00 

 2-  Methylcitric  UAM  206.15 

 3-  Methylcrotonylglycine  ten Brink 

 3-  Methylglutaconic (82 %)  UAM  156.00 

 3-  Methylglutaric  Sigma  146.14 

 Methylmalonic  Aldrich  118.09 

 Methylsuccinic  Sigma  132.10 

 Mevalonic Lactone  Mevalonolactone  Aldrich  130.15 

 Octanoic  Caprylic  Sigma  144.20 

 Orotic  Sigma  178.10 

 2-  Oxo-3-methylvaleric Na salt  3-Methyl-2-oxopentanoic  Aldrich  152.10 

 2-  Oxoadipic  alpha-Ketoadipic  Sigma  160.10 

 2-  Oxoglutaric  alpha-Ketoglutaric  Sigma  168.10 

 2-  Oxoisocaproic Na salt  Na 4-methy-2-oxopentanoic  Aldrich  152.10 

(continued)
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2.25 g of potassium chloride, and 2.4 g of sodium phosphate. 
Mix until all crystals are dissolved. Add 50 mg of  albumin   
powder to the solution. Mix until clear. Add 267 mg of alanine 
(3 mmol/g creatinine) and 676 mg of  glycine   (9 mmol/g 
creatinine). Mix until the amino acids are dissolved. Check 
pH with indicator paper. The pH within normal urine is 5–7. 
If the pH is outside of range, the pH may be lowered with 1 N 
hydrochloric acid or raised with 1 N sodium hydroxide. 
Measure out 10 mL of artifi cial urine into a 40 mL trace clean 
vial, add 10 mL of deionized water, mix. Label as Calibration 1:2 
Artifi cial Urine (AU). This will be used in Calibration setup. 
Store at −20 °C. Aliquot stock into 1.5 mL microtubes. Label 
and store at −20 °C. This will be used as the Blank at setup. 
25 μL will be used at setup + 25 μL of deionized water. Aliquot 
remaining stock into 50 mL tubes. Label and store at −20 °C.   

   2.    Normal and Abnormal controls are prepared by collecting 
approximately 1 L of urine from previously analyzed normal 
patient samples or from healthy pediatric volunteers. Determine 
creatinine concentration of pooled urine. Take appropriate vol-
ume aliquot (25, 50, or 100 μL) based on creatinine result and 

Table 1
(continued)

 Pre-  Name  Synonym  Supp.  Mol. wt. 

 2-  Oxoisovaleric Na salt  3-Methyl-2-oxobutanoic  Aldrich  138.10 

 5-  Oxoproline  Pyroglutamic  Sigma  129.10 

 Phenylacetic  Benzeneacetic  Aldrich  136.20 

 3-  Phenyllactic   DL -beta-Phenyllactic  Sigma  166.20 

 Phenylpyruvic Na salt  beta-Phenylpyruvic Na  Sigma  186.10 

 Pimelic  Heptanedioic  Sigma  160.20 

 Propionylglycine  UAM  131.15 

 Pyruvic Na salt  Sigma  110.00 

 Sebacic  Decanedioic  Sigma  202.25 

 Suberic  Octanedioic  Sigma  174.20 

 Suberylglycine  ten Brink  231.00 

 Succinic  Sigma  118.10 

  Succinylacetone    4,6-Dioxoheptanoic  Sigma  158.16 

  Thymine    Sigma  126.10 

 Tiglylglycine  UAM  157.19 

  Uracil    Sigma  112.10 

Lawrence Sweetman et al.
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run a full organic acid analysis. Review the GCxGC-TOFMS 
results and determine that the following commonly found 
organic acids are present at a level of at least 5 mmol/mol 
creatinine. Monitor these analytes over a period of time (at 
least 20 determinations over 1–2 months): Lactic, Malic, 
Glycolic,  N -Acetylaspartic, 3-HPA, MMA, 3-HIBA, 4- 
Hydroxyphenyllactic, 3-HIVA, 3HBA  *  See   Note , Succinic, 
Glyceric, Adipic, 2-Hydroxyglutaric, 4-Hydroxyphenylacetic, 
3-Hydroxyadipic, Aconitic, Isocitric. Those analytes >5 mmol/
mol creatinine will be used for the normal control. Take 
400 mL aliquot of the pooled urine to spike as the abnormal 
control. The following organic acids and their desired concen-
trations are used to spike Normal Urine (the organic acids 
should be of the highest grade, purity, and quality available): 
Lactic 200 nmoles/μmole creatinine, Methylmalonic 200 nmoles/
μmole creatinine, 2-Hydroxyisocaproic 100 nmoles/μmole 
creatinine, Ethylmalonic 90 nmoles/μmole creatinine, 
Glutaric 100 nmoles/μmole creatinine, 2-Hydroxyglutaric 
90 nmoles/μmole creatinine, 4-Hydroxyphenylacetic 160 
nmoles/μmole creatinine, Orotic 50 nmoles/μmole creati-
nine, 4- Hydroxyphenyllactic 100 nmoles/μmole creatinine, 
 N - Acetylaspartic  80 nmoles/μmole creatinine, 3-HBA * see  
Note 200–300 nmoles/μmole creatinine.  *  Note : 3-HBA is 
spiked when the normal pooled urine contains less than 
100 nmol/mol creatinine.      

       1.    Intermediate: 10 mM 2-Methylsuccinic-d6 (Cambridge, 
F.W.138.16) in 20 mM HCl (used for all other analytes not 
covered by the other two Internal Standards).   

2.5  Internal 
Standards

   Table 3  
  Mixture setup   

 Component  0×  0.02×  0.1×  0.2×  1×  3×  5×  10× 

 μL  μL  μL  μL  μL  μL  μL  μL 

 1:2 Artifi cial urine  150  130  50  130  50  0  0  0 

 OA Mix 1 MeOH  0  5  25  5  25  75 a   125 a   250 a  

 OA Mix 1 AU  0  10  50  10  50  150  250  500 

 OA Mix 1 HCl  0  5  25  5  25  75  125  250 

 Total microliters H 2 O, 
bicarb and HCl 

 150  150  150  150  150  225  375  750 

 Use a 1:10 
dilution 
of Mix 

 Use full strength Mix 

   a Dry down under a gentle stream of nitrogen before adding MIX1 AU and MIX1 HCl volumes  

Quantitative Organic Acids in Urine by Two Dimensional Gas…
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   2.    Intermediate: 10 mM 2-Oxocaproic (2-ketohexanoic) (Sigma, 
F.W.152.16) in 20 mM HCl (used for oxoacids).   

   3.    Working Internal Standard: Combine equal volumes of the 
10 mM 2-methylsuccinic-d6 and 10 mM 2-oxocaproic to 
make a fi nal concentration of 5 mM each in a 20 mM HCl 
solution. Aliquot and store at −20 °C, stable for 6 months.   

   4.    Working Internal Standard: 5 mM Heptanoic-d5 (CDN 
Isotopes, F.W. 135.18) in Methanol. Aliquot and store at 
−20 °C, stable for 6 months (used for octanoic and decanoic).      

       1.    1.5 mL microtubes (extraction).   
   2.    1.5 mL tubes with screw caps (urease).   
   3.    Wheaton Scintillation Vials with screw caps (PFBO and cali-

bration mixes).   
   4.    Glass transfer pipets.   
   5.    VWR Precleaned Trace Clean Clear Borosilicate 20 mL vials 

with Tefl on-lined closure (Stock Standards).   
   6.    Agilent certifi ed vials (used for internal standards and reaction 

vials).   
   7.    Xpertek 0.1 mL autosampler vials, plastic with glass inner cone.   
   8.    Xpertek 11 mm Tefl on faced silicon/rubber seals (for autos-

ampler and reaction vials).   
   9.    SGE Syringe 10F-CTC-0.63 10 μL.   
   10.    Columns-Primary column, Restek 30 m × 0.25 mm ID—

BPX50 0.25 μm, secondary column, Restek 25 m × 0.32 mm 
ID—BPX5 0.025 μm (2 m used in the secondary oven).   

   11.    Liquid nitrogen, very dry nitrogen gas and air, Ultra high 
purity Helium gas.      

      Pegasus 4D GCxGC-TOFMS System (Leco, St. Joe, MI) with 
autosampler (Gerstel).  

  Concentrator.  
  Adjustable and fi xed volume pipettes.  
  Crimper and Decapper.      

3    Methods 

       1.    Analyze urine samples for creatinine (LC-MS-MS method is 
used).   

   2.    Pull an Artifi cial Urine Control, a Normal Urine Control, an 
Abnormal Urine Control, urease, urine samples, and internal 
standards out and allow them to come to room temperature.   

2.6  Supplies

2.7  Equipment

3.1  Stepwise 
Procedure

Lawrence Sweetman et al.
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   3.    Obtain 1.5 mL microtubes for sample setup; verify that the 
tubes are clean and without any particulate matter in it before 
using. Label tubes.   

   4.    Prepare PFBO soln (10 mg/mL). Each sample requires 40 μL 
of PFBO. PFBO must be made fresh daily and should not be 
made up more than 1 h prior to setting up samples. Vortex the 
PFBO solution and verify that all of the PFBO is dissolved 
prior to use.   

   5.    Add 10 μL of combined working internal standard 5 mM 
Methylsuccinic-d6 and 5 mM 2-oxocaproic acid to each 
tube. Add 10 μL of 5 mM Heptanoic-d5 internal standard to 
each tube.   

   6.    Vortex the urine sample and pipette the urine into appropri-
ately labeled 1.5 mL microtube. Pipette an aliquot of urine 
(plus deionized water if indicated) based on Creatinine result.
   (a)    0.2–0.99 mmoles take 0.200 mL of urine   
  (b)    1.0–4.0 mmoles take 0.100 mL of urine   
  (c)    4.0–13.0 mmoles take 0.050 mL of urine   
  (d)    >13.0 mmoles take 0.025 mL of urine + 0.025 mL deion-

ized H 2 O     
 Any samples with creatinine less than 0.2 will need to be 

tested for proper sample type; if deemed urine, the sample will 
need to be concentrated before it can be tested. Concentration 
procedure: take a large aliquot of urine (at least 1500 μL), 
place in a scintillation vial, and dry down overnight in a vac-
uum concentrator. Reconstitute with deionized water at a con-
centration 10× less (150 μL of water).   

   7.    Add 40 μL of working urease to each tube, cap, vortex, and 
place in a 37 °C incubator for 10 min.   

   8.    Add 40 μL of PFBO to each sample, cap, vortex, and incubate 
at room temperature for 30 min.   

   9.    Add 900 μL of 200 proof ethyl alcohol to each tube, cap, and 
vortex. Centrifuge tubes at 2,400 ×  g  for 10 min.   

   10.    Transfer solution to a prelabeled Agilent certifi ed reaction vial, 
transfer as much of the liquid as possible without disturbing 
the pellet at the bottom of the vial, place on a concentrator, 
and evaporate under nitrogen at 50 °C until completely dry 
(~30 min).   

   11.    Pipette 300 μL of BSTFA:TriSil  Derivatization   mixture into 
each vial. Cap and vortex. Place in an oven at 60–65 °C for 
30 min.   

   12.    Remove the samples from the oven and allow the samples to 
cool to room temperature prior to transferring to the GC vials.   

Quantitative Organic Acids in Urine by Two Dimensional Gas…
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   13.    Pipette 100 μL of the derivatized sample to a labeled autosampler 
vial. Cap with a GC autosampler cap immediately. Place on 
instrument to run.   

   14.    One microliter of sample is injected using a 1:2 ratio in split 
mode. The inlet temperature is at 280 °C with Helium as the 
carrier gas. A fl ow rate of 1 mL/min for the entire run is used 
using the corrected constant fl ow via pressure ramps. The ini-
tial oven temperature is 75 °C; 5 min after the injection the 
oven temperature is raised to 280 °C at a rate of 4 °C/min and 
held at 280 °C for 5 min. The Secondary oven temperature 
offset is 25 °C with the modulator offset at 30 °C. Modulation 
timing is set for 6 s periods with 0.6 s hot pulse and 2.40 s cool 
time. Transfer line and source temperatures are set at 250 °C 
and 230 °C respectively. Mass Range is 45–750 with an acqui-
sition rate of 200 spectra/s. The acquisition voltage setting is 
1500 with the electron energy of −70.      

       1.    The identifi cation criteria for organic acids (and internal stan-
dards), which are quantifi ed by areas of extracted ion chro-
matograms, include a combination of: a quantitation ion and a 
confi rming ion which are unique to that organic acid peak 
retention times ratios of areas of extracted ion chromatograms 
and total spectra. Additionally for accurate identifi cation, the 
retention time of the quantitation ion extracted ion chromato-
gram must be near the center (expected retention time of the 
acid) of the 7 s time range of the primary chromatogram and 
0.05 s of the secondary. The quantitation ion and confi rming 
ion of each organic acid were chosen to be as uniquely charac-
teristic as possible within this narrow time window. Therefore, 
the retention times for the extracted ion chromatograms must 
be very close and the ratios of areas for the confi rming ion as 
percent of the quantitation ion should be within 45 % (relative) 
of the expected values in the calibration table; most com-
pounds will be within 20 %. In the identifi cation of each 
organic acid, the full ion spectrum is compared to the authen-
tic spectra in the mass spectral library and calibration reference 
and a match of greater than 700 is considered to be acceptable 
for identifi cation.   

   2.    However, because there are many co-eluting compounds in 
urine ( see   Notes 3  and  4 ) which can lower the library 
match, the defi nitive criteria for identifi cation from ion ratios 
and the total spectra are at the discretion of carefully trained 
highly experienced technicians who can recognize character-
istic masses and % intensities to identify the different com-
pounds in mixed spectra. A representative GCxGC-TOFMS 
Chromatogram and a 2D-chromatogram (contour plot) of the 
 TMS   derivatives of all compounds seen are shown in Fig.  1 . 
GCxGC-TOFMS selected ion chromatogram is shown in 
Fig.  2  ( see   Note 3 ).

3.2  Data Analysis

Lawrence Sweetman et al.
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  Fig. 1    GCxGC-TOFMS Chromatogram and 2D-chromatogram (contour plot) of the  TMS   derivatives of all 
compounds seen       

  Fig. 2    Selected ion chromatogram of a  TMS   derivative of 4-OH phenylacetic       
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        3.    Analyze data using ChromTof Software (Leco, St. Joseph, MI) 
with a data processing method which includes the calibration 
curves for the 76 analytes previously performed. The quantify-
ing ions previously established are used to construct standard 
curves of the peak area ratios (calibrator/internal standard 
pair) vs. concentration. These curves are then used to deter-
mine the concentrations of the controls and unknown samples. 
All results are reported in mmol/mole of creatinine; a calcula-
tion factor is created using the creatinine value and volume of 
sample taken to calculate the fi nal result. This factor is multi-
plied by the result from the calibration curve to give the fi nal 
result in mmol/mole of creatinine.   

   4.    The linearity/limit of quantitation of the method is 0.25–
500 mmol. Samples in which the analyte concentrations 
exceed the upper limit of quantitation should have a smaller 
aliquot taken.   

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

   6.    Typical intra- and inter-assay imprecision is <10 %.   
   7.    Quality control: The analytical run is considered acceptable if 

the calculated concentrations of analytes monitored in the con-
trols are within ±20 % of target values. The quantifying ion in 
the sample is considered acceptable if the ratios of qualifi er ions 
to quantifying ion are within ±30 % of the ion ratios for the 
calibrators.       

4    Notes 

     1.    Calibration preparation of ketoacids can be diffi cult; many of 
the ketoacids are very unstable. We buy fresh standards for 
these compounds each time a calibration is performed.   

   2.    Many of the compounds and most of the ketoacids make mul-
tiple  TMS   derivatives; be aware that these compounds will 
have a curve for each derivative and the concentration of the 
compound will have to be divided between the derivatives. 
Some of the compounds will have a constant percentage of 
multiple derivatives across a calibration curve; in these cases 
the largest derivative may be used for the calibration curve 
instead of having multiple curves for one compound.   

   3.    During data analysis review of the 2D contour plot is very 
helpful in determining if there are large interfering peaks that 
may obstruct the ability to see the compounds being reviewed 
or shift the peaks outside the retention time window. Look for 
large smears and wrap around peaks.   

Lawrence Sweetman et al.
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   4.    The majority of the 76 compounds are separated with the 
GCxGC method but there are a few that do not, such as 
3-HBA and 3-HIBA, Hexanoylglycine and  N -acetylaspartic, 
2- hydroxyisocaproic and 2-hydroxy-3-methylvaleric to name 
a few.         
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    Chapter 21   

 High Sensitivity Measurement of Pancreatic Polypeptide 
and Its Variant in Serum and Plasma by LC-MS/MS       

     Hernando     Escobar    ,     Mark     M.     Kushnir    ,     Alan     L.     Rockwood     , 
and     A.     Wayne     Meikle     

  Abstract 

   Aliquots of serum or plasma samples are combined with stable isotope labeled internal standard. Pancreatic 
polypeptide (PP) and its truncated variant PP3-36 are enriched by incubation with anti-PP antibody 
conjugated to magnetic beads. Peptides are eluted from beads in acidic buffer and the samples analyzed 
using liquid chromatography coupled with tandem mass spectrometry. Instrumental analysis of PP and 
PP3-36 is performed using electrospray ionization ESI in positive ion mode and multiple reaction moni-
toring (MRM) acquisition.  

  Key words      Pancreatic polypeptide    ,    Peptide hormone    ,    Mass spectrometry    ,    Tandem mass spectrome-
try    ,    Clinic biomarker    

1      Introduction 

  Pancreatic polypeptide   (PP) is secreted by pancreatic islets after 
food ingestion [ 1 ]. Meal composition is associated with different 
concentration of PP released in circulation [ 2 ]. PP can be ele-
vated in blood of patients with acute pancreatitis [ 3 ], endocrine 
pancreatic tumors [ 4 ,  5 ], gastrinomas [ 6 ], and Alzheimer disease 
patients [ 7 ,  8 ], supporting its valuable use as a predictive and 
prognostic biomarker. An endogenous truncated form of PP, 
PP3-36, has been found as the only variant circulating in patient 
samples [ 2 ]. Limitations caused by poor specifi city of commercial 
radioimmunoassays can be overcome using immune-capture and 
 liquid chromatography  -tandem mass  spectrometry   as a sensitive 
and robust analysis for identifi cation and quantifi cation of intact 
PP and its endogenous variant in serum and  plasma  .  
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2    Materials 

   Blood is collected in serum separation tubes (red cap),  plasma   with 
EDTA (purple cap) or sodium heparin (green cap). Samples are 
kept on ice. Serum or plasma should be separated from cells within 
1 h and frozen at −20 °C. Samples are stable refrigerated at 4 °C 
no more than 8 h; on ice no more than 24 h; or frozen at −20 °C or 
below up to 1 year.  

       1.    Deionized water. Water purifi ed with a Barnstead ®  NANOpure ®  
system with up to 18.2 МΩ-cm.   

   2.    Human PP, purity ≥95 % (ANASPEC, Fremont, CA). Peptide 
must contain certifi cate of analysis, amino acid analysis, and net 
weight per vial. Keep at −70 °C until use.   

   3.    Isotopically labeled PP Internal standard (PPIS): 
 APL*EPVYPGDNATPEQMAQYAADL*RRYINML*TRPR
Y- NH2 (L* = [6C13, N15]), purity ≥95 % (United Biosystems, 
Herndon, VA). Peptide must contain certifi cate of analysis, 
amino acid analysis, and net weight. Keep at −70 °C until use.   

   4.    N-truncated PP peptide, PP3-36: 
 LEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY
- NH 2   , purity ≥95 % provider for synthesis: United Biosystems. 
Peptide must contain certifi cate of analysis, amino acid analy-
sis, and net weight per vial. Keep at −70 °C until use.   

   5.    Bovine serum  albumin  , BSA, purity ≥96 %. Sigma-Aldrich.   
   6.    PP (human) Purifi ed IgG Antibody from rabbit, 400 μg 

(Phoenix Pharmaceuticals, Burlingame, CA).   
   7.    Alternative antibody: PP purifi ed IgG antibody from rabbit, 

400 μg (Bachem, Torrance, CA).   
   8.    Dynabeads ®  M-280 Tosyl activated magnetic beads. 10 mL 

(Life Technologies, Carlsbad, CA).   
   9.     L -Leucine-N-FMOC (U-13C6, 97–99 %; 15 N, 97–99 %). 

Cambridge Isotope Laboratories, Andover, MA. Used to syn-
thesize labeled IS.   

   10.    Sodium phosphate monobasic ≥99.0 %, NaH 2 PO 4  × H 2 O. Sigma-
Aldrich (St Louis, MO).   

   11.    Sodium phosphate dibasic, ≥99.0 % (Na 2 HPO 4  × 2H 2 O). 
Sigma-Aldrich.   

   12.    Ammonium sulfate, ≥99.0 %. Sigma-Aldrich.   
   13.    Trizma buffer 1×: 50 mM Trizma, 100 mM NaCl, NaN 3  

0.09 %, pH 7.6, HCl adjusted, prepared with deionized water.   
   14.    Trizma buffer 3×: 150 mM Trizma, 300 mM NaCl, NaN 3  

0.09 %, pH 7.6, HCl adjusted, prepared with deionized water.   

2.1  Samples

2.2  Reagents 
and Buffers

Hernando Escobar et al.
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   15.    Deionized water degassed (used to dissolve pure lyophilized 
peptides): In a glass Erlenmeyer fl ask from a funnel system, 
heat 50 mL deionized water to boil. Connect vacuum until 
reach room temperature and transfer to a 50 mL tube. Allow 
nitrogen fl ux until use. Prepare fresh.   

   16.    Pooled human serum (either serum or  plasma   can be used) 
depleted from PP and its immunoreactive variants using PP 
antibody: fi lter 300 mL of pooled serum with a disposable fi l-
ter, 0.45 μm nylon membrane, capacity 500 mL. Add mag-
netic beads with conjugated anti-PP antibody (volume 
corresponding to the amount of the conjugated antibody 
5 μg). Incubate with rotation for 1 h at 4 °C. Set tube with the 
pool on magnetic stand and allow the beads to get attracted to 
the magnet; remove the depleted serum into a clean container. 
To preserve add to the serum 0.27 g sodium azide (0.09 % w/v, 
 see   Note 1 ).   

   17.    Acetic acid 5 %. Add 5 mL of Acetic acid (99.9 %) to 100 mL 
deionized water. Stable refrigerated for 6 months.   

   18.    Trizma buffer 3×, pH 7.6: 150 mM Trizma, 300 mM NaCl, 
NaN 3  0.09 %, adjust pH 7.6 with HCl, use deionized water 
to dissolve. Dissolve in 900 mL of deionized water 18.15 g. 
Trizma, 26.3 g NaCl and 0.9 g NaN 3 , adjust pH to 7.6 with 
concentrated HCl, add water to 1 L. Stable refrigerated for 
6 months.   

   19.    Trizma buffer 1×, pH 37.6: 50 mM Trizma, 100 mM NaCl, 
NaN 3  0.09 %, adjust pH 7.6 with HCl, use deionized water to 
dissolve. Add 250 mL of Trizma buffer 3× to 750 mL of deion-
ized water, mix solution. Stable refrigerated for 6 months.   

   20.    Trizma buffer 0.2×: Add 10 mL of Trizma buffer 1× into a 
50 mL plastic tube. Fill with deionized water to 50 mL. Prepare 
fresh daily.   

   21.    BSA 1 % stock: Weight 0.2 g BSA, dilute in deionized water to 
20 mL. Aliquot 300 μL in LoBind™ tubes. Stable for 1 year 
at −70 °C.   

   22.    BSA 0.005 % (used as matrix for preparation of the working 
calibration standard): Add 150 μL of 1 % BSA to 30 mL deion-
ized water in a 50 mL plastic tube. Prepare fresh daily.   

   23.    Acetic acid 5 % with BSA 0.0025 % (to elute peptides from 
antibody): Add 50 μL 1 % BSA to 20 mL 5 % acetic acid in a 
50 mL plastic tube. Prepare fresh daily.   

   24.    Mobile phase A (H 2 O, 5 % ACN, 10 mM acetic acid): Add 
570 μL acetic acid (99.9 %) to 950 mL with deionized water, 
add 50 mL acetonitrile. Filter through 0.45 μm membrane.   

   25.    Mobile phase B: (ACN, 10 mM acetic acid): Add 570 μL ace-
tic acid (99.9 %) to 1000 mL high purity acetonitrile. Filter 
through 0.45 μm membrane using a glass funnel system.   

High Sensitivity Measurement of Pancreatic Polypeptide…
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   26.    Coupling antibody to magnetic beads performed according to 
the manufacturer recommended procedure supplied with 
Dynabeads ®  M-280 (Life Technologies, Grand Island, NY). 
Final concentration of antibody into the beads should be 
1 μg/5 μL. In the method each sample analyzed receives 5 μL 
of beads coupled to antibody for a total of 5 μg of antibody.   

   27.    CTC-PAL wash solution 1: Deionized water with 5 % 
Acetonitrile, 0.1 % acetic acid.   

   28.    CTC-PAL wash solution 2: Acetonitrile with 0.1 % acetic acid.      

       1.    PP, PP3-36, and PPIS stock solutions: Remove vials with 
lyophilized peptides from freezer and equilibrate at room tem-
perature. Add 1 mL of 0.005 % BSA (prepared in degassed 
water). Preserve stock solutions during preparation with nitro-
gen in order to prevent oxidation of PP and PP3-36 purging 
with nitrogen with fi nal tight capping of each tubes (0.5 mL 
 protein   extra low binding screw cap tubes from Bioplastics, 
Durham, NC). Keep vials tightly capped at −70 °C until use. 
For stability information ( see   Note 2 ).   

   2.    Working solutions of PP (2, 20, 200 pg/μL): 
 Prepare PP solutions at 2500 pg/μL with 0.005 % BSA using 
a dilution based on the stock solution concentration ( see   Notes 3  
and  4 ). Prepare fresh, daily in LoBind™ tubes (Eppendorf, 
Hauppauge, NY). Make the dilutions below:
   (a)    Dilution 1 (200 pg/μL): Add 80 μL of 2500 pg/μL work-

ing solution to 920 μL of 0.005 % BSA. Mix.   
  (b)    Dilution 2 (20 pg/μL): Add 100 μL of 200 pg/μL pep-

tide (Dilution 1) to 900 μL 0.005 % BSA. Mix.   
  (c)    Dilution 3 (2 pg/μL): Add 100 μL of 20 pg/μL peptide 

(Dilution 2) to 900 μL 0.005 % BSA. Mix.    
      3.    Working Solutions of PP3-36 (2, 20, 200 pg/μL): 

 Prepare PP3-36 solutions at 2500 pg/μL with 0.005% BSA 
using a dilution based on the stock solution concentration 
( see   Note 3  and  4 ). Prepare fresh, daily in LoBind™ tubes 
(Eppendorf). Make the dilutions below:
   (a)    Dilution 1 (200 pg/μL): Add 80 μL of 2500 pg/μL work-

ing solution to 920 μL of 0.005 % BSA. Mix.   
  (b)    Dilution 2 (20 pg/μL): Add 100 μL of 200 pg/μL pep-

tide (Dilution 1) to 900 μL 0.005 % BSA. Mix.   
  (c)    Dilution 3 (2 pg/μL): Add 100 μL of 20 pg/μL peptide 

(Dilution 2) to 900 μL 0.005 % BSA. Mix.    
      4.    Mixture of combined calibration standard (PP and PP3-36) is 

prepared from the working solutions of PP and PP3-36: (fi nal 
concentrations: 1, 10, 100, and 1250 pg/μL)

2.3  Standard, 
Calibrators, 
and Quality Control 
Solutions

Hernando Escobar et al.
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   (a)    Mixture 1 (100 pg/μL, each peptide): Add 400 μL of 
Dilution 1 PP, and 400 μL Dilution 1 PP 3-36  in a 1.5 mL 
microcentrifuge tube. Mix.   

  (b)    Mixture 2 (10 pg/μL, each peptide): Add 400 μL of 
Dilution 2 PP, and 400 μL Dilution 2 PP 3-36  in a 1.5 mL 
microcentrifuge tube. Mix.   

  (c)    Mixture 3 (1 pg/μL, each peptide): Add 400 μL of 
Dilution 3 of PP, and 400 μL Dilution 3 of PP 3-36  in a 
1.5 mL microcentrifuge tube. Mix.   

  (d)    Mixture 4 (1250 pg/μL). Used to prepare Quality Control 
2. Add 400 μL of working solution, 2500 pg/μL of PP, 
and 400 μL working solution, 2500 pg/μL of PP 3-36 , in 
a 1.5 mL microcentrifuge tube. Mix.       

   5.    PP Internal Standard Solution (PPIS), 1000 pg/μL: Prepare 
with 0.005 % BSA using a dilution based on the stock solution 
concentration ( see   Note 5 ). Prepare fresh, daily in LoBind™ 
tubes (Eppendorf).   

   6.    Working PP Internal Standard Solution (PPIS), 10 pg/μL: in 
LoBind™ microcentrifuge tubes add 10 μL of 1000 pg/μL 
PPIS solution to 990 μL 0.005 % BSA. Mix. Prepare fresh 
daily.   

   7.    Calibration standards: Calibration standards for PP and PP3-
36 are prepared and analyzed with every batch of samples. 
Calibration standards are prepared in depleted serum at con-
centrations of 30, 50, 100, 200, 500, and 1000 pg/mL for PP 
and PP3-36 ( see  Table  1 ).

       8.    Quality control (QC) samples: This assay uses three controls 
along the run to confi rm assay accuracy. One negative control 
and two controls with low and high peptides levels are ana-
lyzed with every batch of samples. The QC samples are pre-
pared by spiking PP and PP3-36 into patient serum pools.

    Table 1  
  Calibration standards preparation   

 Calibration std 
conc. (pg/mL) 

 Add working 
calibration std Mix 1, 
1 pg/μL (μL) 

 Add working 
calibration std Mix 2, 
10 pg/μL (μL) 

 Add working 
calibration std Mix 3, 
100 pg/μL (μL) 

 Add serum PP 
depleted (μL) 

 30  30  450 

 50   5  450 

 100  10  450 

 200  20  450 

 500   5  450 

 1000  10  450 

High Sensitivity Measurement of Pancreatic Polypeptide…
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   (a)    Negative control: pooled PP and PP3-36 depleted 
serum/ plasma  .   

  (b)    Control level 1 (low): 30 pg/mL PP and PP3-36. 50 mL of 
pooled, depleted serum is spiked with 15 μL of 100 pg/μL 
of PP and PP3-36 (Mixture 3). Aliquot 500 μL in 1.5 mL 
microcentrifuge LoBind vials and store at −70 °C. Stable 
for 6 months.   

  (c)    Control level 2 (high): 500 pg/mL PP and PP3-36. 
50 mL of pooled, depleted serum is spiked with 20 μL of 
1250 pg/μL of target peptides (Mixture 4). Aliquot 
500 μL in 1.5 mL microcentrifuge LoBind™ tubes and 
store at −70 °C. Stable for 6 months.          

       1.    Triple quadrupole mass spectrometer API 5500 (ABSciex) 
with TurboV ion source. Software Analyst 1.6.1 or newer 
version.   

   2.    Binary  HPLC   pumps series 1200 SL (Agilent Technologies), 
vacuum degasser, autosampler CTC-PAL (LEAP Technologies) 
equipped with fast wash station.   

   3.    Centrifuge.   
   4.    Sample rocker mixer for 1.5 mL microcentrifuge tubes.   
   5.    Microcentrifuge for 0.5 and 1.5 mL tubes.   
   6.    Analytical balance.      

       1.    1.5 mL microcentrifuge LoBind™ tubes (Eppendorf).   
   2.    Polypropylene 0.3 mL vials (Wheaton, Millville, NJ).   
   3.    PTFE/rubber cap (National Scientifi c, Rockwood, TN).   
   4.    Filter Units 500 mL, 0.45 μm nylon membrane (Nalgene, 

Rochester, NY).   
   5.    Glass funnel fi lter with vacuum adapter. Sigma-Aldrich.   
   6.    Guard cartridge Poroshell 300SB-C18 with Guard Column 

cartridge holder (Agilent Technologies, Santa Clara, CA).   
   7.     HPLC   column for analytical separation Poroshell 300SBC18 

column 2.1 × 75 mm, 5 μm (Agilent Technologies).       

3    Methods 

       1.    Prepare calibrators according to Table  1 .   
   2.    450 μL of patient samples and controls are aliquoted in 1.5 mL 

microcentrifuge  protein   LoBind™ vials.   
   3.    Add to each tube 225 μL of Trizma buffer 3×.   
   4.    Add 10 μL of working internal standard.   

2.4  Equipment

2.5  Supplies

3.1  Procedure 
for Sample 
Preparation 
( See   Note 7 )

Hernando Escobar et al.
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   5.    Resuspend magnetic beads and add 5 μL to each tube.   
   6.    Incubate for 1 h at 4 °C. Ensure beads are suspended by gentle 

vortexing.   
   7.    Remove supernatant. Set tubes on magnet stand and remove 

supernatants with a pipette, changing tips for each sample.   
   8.    Wash the beads twice with 500 μL Trizma 1×. Set tubes on 

magnet stand and remove supernatants with a pipette, chang-
ing tips for each sample. Mix samples between the washes.   

   9.    Wash the beads once with 500 μL Trizma 0.2× with deionized 
water ( see   Note 6 ). Set tubes on magnet stand and remove 
supernatants with a pipette, changing tips for each sample.   

   10.    Add 40 μL of 5 % acetic acid with 0.0025 % BSA to elute 
peptides. Incubate at room temperature for 10 min (without 
vortexing).   

   11.    Set tubes on magnet stand and transfer the supernatants to 
polypropylene 0.3 mL vials (do not transfer the beads). Seal 
the vials with PTFE/rubber caps. Centrifuge vials at 2000 ×  g  
for 30 s.   

   12.    Set the vials to the CTC-PAL autosampler for  LC-MS/MS   
analysis.      

       1.     HPLC   conditions are provided in Table  2 . Column tempera-
ture is 70 °C.

       2.    CTC-PAL Autosampler conditions are provided in Table  3 . 
Injection volume is 10 μL.

          Voltages and gases fl ow rates for the mass spectrometer were opti-
mized for maximum sensitivity; mass transitions used for PP and 
PP3-36 and the internal standards are listed in Table  4 .

   Other mass spectrometer parameters 
   (a)    Source Temperature (at set point): 600.0 °C   
   (b)    Resolution Q1: Unit   
   (c)    Resolution Q3: Unit   
   (d)    CUR: 25   
   (e)    Ion source voltage: 5500   
   (f)    Ion source temperature: 600   
   (g)    Gas heater 1: 50   
   (h)    Gas heater 2: 55    

  Mass transitions used for qualifi cation and quantitation are 
shown in Fig.  1 . Product ion mass spectrum of PP is shown in 
Fig.  2 .

3.2   HPLC   
and Autosampler 
CTC-PAL Conditions

3.3  Mass 
Spectrometer 
Conditions
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   Table 2  
  Mobile phase program for chromatographic separation   

 Step  Time 
 Flow rate 
(μL/min) 

 %A (H 2 O + 10 mM 
acetic acid, 5 % ACN) 

 %B (Acetonitrile + 10 mM 
acetic acid) 

 1  0.00  700  95.0  5.0 

 2  0.50  700  79.0  21.0 

 3  2.00  700  42.0  58.0 

 4  2.01  700  5.0  95.0 

 5  4.00  700  5.0  95.0 

 6  4.01  700  95.0  5.0 

 7  4.50  700  95.0  5.0 

 8  4.51  700  5.0  95.0 

 9  6.00  700  5.0  95.0 

 10  6.01  700  95.0  5.0 

 11  8.00  700  95.0  5.0 

   Table 3  
  Autosampler settings CTC-PAL autosampler. Mode LC-Inj DLW 
Standard_Rev05   

 Volume (μL)  1 

 Front volume (μL)  1 

 Rear volume (μL)  1 

 Filling speed (μL/s)  5 

 Pullup delay (ms)  3000 

 Inject to  LCVlv1 

 Injection speed (μL/s)  5 

 Pre-inject delay (ms)  500 

 Post-inject delay (ms)  500 

 Needle gap valve clean (mm)  3 

 Valve clean time solvent 2 (s)  2 

 Post clean time solvent 2 (s)  2 

 Valve clean time solvent 1 (s)  2 

 Post clean time solvent 1 (s)  2 

 Stator wash  0 

 Delay stator wash (s)  120 

 Stator wash time solvent 2 (s)  2 

 Stator wash time solvent 1 (s)  2 
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           1.    Evaluate each chromatogram for acceptable peak shape.   
   2.    Internal standard peak area in every injection should be greater 

than 4000 cps.   
   3.    Method performance characteristics: analytical measurement 

range 10–1000 pg/μL for PP and PP3-36; total imprecision of 
the method is less than 20 %.   

3.4  Data Analysis

   Table 4  
  Parameters optimized for MRM transitions selected for PP, PP3-36, and PPIS ( see   Note 8 )   

 Q1 Mass (Da)  Q3 Mass (Da)  Dwell time (ms)  DP  EP  CE  CXP  ID 

 837.3  953.0  70  45  8  37  22  PP 953 

 837.3  411.4  70  45  8  35  22  PP 411 

 803.5  853.7  70  168  8  35  11  PP3-36 853 

 803.5  197.2  70  168  8  41  10  PP3-36 197 

 841.4  957.7  70  47  6  35  23  PPIS 957 

 841.4  418.2  70  47  6  37  19  PPIS 418 

   DP  declustering potential,  EP  entrance potential,  CE  collision energy,  CXP  collision cell exit potential  

  Fig. 1    Chromatograms of PP, PP3-36, and the internal standard in serum sample, spiked with 100 pg/mL of PP, 
PP3-36, and PPIS. The MRM transitions are: PP primary ( m / z : 837.3 → 953.3) and PP secondary ( m / z  
837.3 → 411.4); PP3-36 primary ( m / z : 803.5 → 853.7) and PP3-36 secondary ( m / z : 803.5 → 197.2). For PPIS 
the primary and secondary mass transitions are  m / z : 841.4 → 957.7 and 841.4 → 418.2 respectively       
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   4.    Correlation coeffi cient ( r ) for the calibration curve is greater 
than 0.995.   

   5.    Concentration of PP and PP3-36 in the negative control 
should be below the limit of quantitation for the method.   

   6.    Ratio of the concentrations determined from the two mass 
transitions used in the method should be within 0.7–1.3.   

   7.    Patient samples should not be injected if calibrators and con-
trols are not acceptable.   

   8.    Patient sample following injection of a sample with concentra-
tion of PP and PP3-36 greater than 100,000 pg/mL requires 
evaluation for carryover.   

   9.    Calculations are performed with mass spectrometer software 
using peak area ratios. Calibration curve; linear regression line 
forced through origin; no weighting applied. Calibration is 
performed with every batch of samples.   

   10.    Concentrations are determined from the quantitative transi-
tions of PP and PP3-36. Specifi city of the analysis is evaluated 
using ratios of concentrations determined from the primary 
and the secondary mass transitions.       

  Fig. 2    Product ion scan mass spectrum of PP obtained using low-energy CID.  Arrows  point on the major prod-
uct ions used for the MRM transitions of PP       
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4    Notes 

     1.    Sodium azide is highly acutely toxic by all routes of exposure. 
Dilute solutions of sodium azide (less than 0.1 %) are used in 
research laboratories as a biocide presenting no extraordinary 
dangers to the user, but at those concentrations they are eye 
and skin irritants. Any waste containing sodium azide may 
react with lead and copper plumbing to form potentially explo-
sive metal oxides, dispose fl ushing with at least 100-fold excess 
of water to prevent azide build-up in the sewer. Federal, State, 
and Local laws related with disposal of Hazardous Materials 
should be reviewed.   

   2.    Peptide stock aliquots are stable up to 6 months at −70 °C, 
24 h at RT and 48 h at 4 °C; they can bear only one freeze-
thaw cycle.   

   3.    Concentration of peptide in the stock solution will be deter-
mined by purity and free peptide content reported by provider 
(e.g., if 0.5 mg of peptide were provided in a vial with reported 
purity of 95 % and 60 % free peptide content, the stock solu-
tion prepared by this protocol (ng/μL) will be: (500 μg × 0.95 
× 0.6)/1000 μL = 0.285 μg/μL = 285 ng/μL).   

   4.    Once PP and PP3-36 stock solution are prepared, convert 
units from ng/μL to pg/μL by multiplying the concentration 
by 1000. If  X  is the stock concentration in pg/μL, prepare a 
working solution with 2500 pg/μL following this protocol for 
5 μL of the stock standard:
   (a)    Calculate volume of 0.005 % BSA ( D ) solution needed: 

 D  =  X /2500.   
  (b)    Volume of 0.005 % BSA =  D  × 5 − 5 (μL). Add 5 μL of pep-

tide stock solution to the 0.005 % BSA calculated ( D ).   
  (c)    Example: Peptide stock solution with 285 ng/μL equal to 

285,000 pg/μL:
 ●     D  = 285,000/2500 = 114  
 ●   Volume of 0.005 % BSA needed = 114 × 5 − 5 = 565 μL  
 ●   Add 5 μL of 285 ng/μL peptide stock to 565 μL of 

0.005 % BSA to obtain a 2500 pg/μL working 
solution.       

      5.    With Internal Standard IS also convert units for stock solution 
from ng/μL to pg/μL by multiplying the concentration by 
1000. If  X  is the IS stock concentration in pg/μL, prepare a 
1000 pg/μL working solution following this protocol using 
10 μL of the stock standard:
   (a)    Calculate volume of 0.005 % BSA ( D ) solution needed: 

 D  =  X /1000.   

High Sensitivity Measurement of Pancreatic Polypeptide…
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  (b)    Volume of 0.005 % BSA =  D  × 10 − 10 (μL). Add 10 μL 
of peptide PPIS stock solution to the 0.005 % BSA 
calculated ( D ).   

  (c)    Example: Peptide PPIS stock solution with 150 ng/μL 
equal to 150,000 pg/μL.  D  = 150,000/1000 = 150.

 ●    Volume of 0.005 % BSA needed = 150 × 10 − 10 = 149
0 μL  

 ●   Add 10 μL of 150 ng/μL PPIS stock to 1490 μL of 
0.005 % BSA to obtain 1000 pg/μL PPIS solution.       

      6.    The  mass spectrometry   signal is affected by tris base com-
pound, so a dilution reduces its presence before eluting the 
peptides with acid.   

   7.    Preparation of peptide standards, calibrators, controls, and 
samples involves some grade of complexity. An automation is 
desirable to improve the work and performance into the 
laboratory.   

   8.    Use internal standard MRM transition ISPP 957 (IS1) to cal-
culate PP 953 (PP1, quantifi er ion). Use internal standard 
MRM transition ISPP2 418 (IS2) to calculate PP 411 (PP2, 
qualifi er ion). Use internal standard MRM transition IS1 to 
calculate both PP3-36 (quantifi er and qualifi er ion).         
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    Chapter 22   

 Quantitation of Parathyroid Hormone in Serum or Plasma 
by Liquid Chromatography-Tandem Mass Spectrometry       

     Hemamalini     Ketha     and     Ravinder     J.     Singh      

  Abstract 

   Parathyroid hormone (PTH), an 84 amino acid peptide hormone, is an important regulator of calcium 
homeostasis. Quantitation of PTH in serum is useful for the diagnosis of primary hyperparathyroidism, 
hypoparathyroidism, and for monitoring osteodystrophy in patients with renal failure. The biological activity 
of PTH arises from binding of PTH (N terminus) to its target receptor (D’Amour et al., Kidney Int 68: 
998–1007, 2005). Several C-terminal and N-terminal fragments circulate in normal subjects. Recent stud-
ies have demonstrated that accurate quantitation of PTH fragments may be of clinical value. In this chapter 
a mass spectrometry based method for quantitation of PTH(1–84) is described. This method involves 
immunoaffi nity capture of PTH followed by trypsinization and quantitation of PTH-specifi c tryptic 
peptides by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The N-terminal tryptic 
peptide, PTH(1–13) as surrogate of 1–84 PTH, is used for quantitation.  

  Key words      LC-MS/MS    ,   Parathyroid hormone quantitation  ,    Immunocapture   LC-MS/ MS    

1      Introduction 

 Parathyroid hormone (PTH) is an 84 amino acid  peptide hormone   
secreted by the parathyroid gland. The major physiological role of 
PTH is to regulate calcium homeostasis in the body. The binding of 
PTH to its target receptor is responsible for its biological activity 
[ 1 ,  2 ] .  The clinical utility of serum PTH quantitation lies in its ability 
to diagnose a wide spectrum of diseases including primary hyper-
parathyroidism, hypoparathyroidism and for monitoring osteodys-
trophy in patients with renal failure. In a normal subject, in addition 
to intact PTH, several PTH fragments are found in circulation. 
These include C-terminal fragments (70–95 %) and N-terminal 
fragments (~5 %). PTH fragments including PTH(34–84) have 
been shown to play important role in calcium homeostasis and 
bone physiology [ 3 ]. It has been shown that the PTH (fragments) 
to PTH(1–84) ratio is useful to differentiate between hyperparathy-
roid-associated bone loss and non-dynamic bone disease [ 4 – 6 ]. 
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PTH was fi rst quantitated using a radioimmunoassay (RIA) [ 7 ,  8 ] .  
The epitopes towards which the antibodies were directed were 
present on the mid- or carboxyl-terminal portion of the PTH mol-
ecule. The RIAs for PTH have been termed as the fi rst-generation 
PTH assays. Then second-generation immunoassays involving two 
antibodies measuring PTH(1–84) and other C-terminal fragments 
were introduced for PTH analysis [ 9 ]. The oldest assays were less 
specifi c and were incapable of differentiating between various PTH 
fragments. The sensitivity and specifi city of the later generation 
PTH immunoassays (second and third generation) to distinguish 
between various PTH fragments has improved [ 10 ] .  

 In this chapter we describe an immunoaffi nity purifi cation 
coupled  liquid chromatography  -tandem mass  spectrometry   
(LC-MS/ MS  ) method for serum PTH(1–84) quantitation [ 11 ]. 
The antibodies are immobilized on polystyrene beads and treated 
with serum and  15 N labeled recombinant PTH ( 15 NPTH) internal 
standard (IS). The immobilized antibodies bind PTH containing 
the 44–84 amino acid portion of the molecule. Then, the beads are 
washed to remove nonspecifi c material, PTH bound to the anti-
body digested by trypsin followed by LC-MS/MS analysis on a 
triple quadrupole mass spectrometer. The N-terminal tryptic pep-
tide PTH(1–13) and the  15 N labeled recombinant tryptic peptide 
 15 NPTH(1–13) from the PTH IS are monitored using a  multiple 
reaction monitoring   (MRM) method. Quantifi cation is performed 
using calibrators made from certifi ed recombinant PTH(1–84) 
spiked into stripped serum along with the  15 N labeled recombinant 
PTH. A linear calibration standard curve constructed from the 
peak area ratio (sample/IS) is used to calculate the concentration 
of the sample. 

 This method can be useful for quantifi cation of PTH in samples 
where a PTH value cannot be determined with an immunoassay 
due to an interference with various antibodies. The assay can be of 
clinical value where knowing the accurate concentration of 
N-terminal PTH will aid in deciding treatment options.  

2    Materials 

   Serum or  plasma   samples are acceptable sample types for this method. 
Samples have to be maintained frozen prior to analysis and up to 
three freeze-thaw cycles are acceptable. Samples that are refrigerated 
or those maintained at room temperature are unacceptable.  

       1.    50 mM Ammonium Bicarbonate, pH 8.0 (stable for 6 months 
at room temperature).   

   2.    1 mg/mL Trypsin stock (Sigma Aldrich). Store at −80 °C for 
2 years.   

2.1  Samples

2.2  Reagents 
and Buffers

Hemamalini Ketha and Ravinder J. Singh



213

   3.    Reaction Stopping Reagent: Add 100 μL of formic acid to 
10 mL 50 mM Ammonium Bicarbonate and mix thoroughly 
(stable for 1 month at room temperature).   

   4.    Phosphate Buffered Saline (PBS) (Roche). Store at room tem-
perature. Expiration: until date printed on box. Dilute appropri-
ately with water (stable at room temperature for 3 months).   

   5.    Mobile Phase A: 100 % water, 0.1 % formic acid. Stable at 
room temperature for 1 month.   

   6.    Mobile Phase B: 100 % methanol, 0.1 % formic acid. Stable at 
room temperature for 1 month.   

   7.    Stripped Serum Seracon II stripped (SeraCare Life Sciences). 
For use in blanks and working standard preparation. Store frozen 
at −20 °C.   

   8.    Standard Diluent (1 % formic acid in water). Store at room 
temperature for 2 months.   

   9.    Internal standard diluent: 95 % water, 5 % acetonitrile, 0.1 % 
formic acid.   

   10.    Standards and Calibrators: PTH stock standard (PTH(1–84)) 
(NIBSC # 95/646); 15 N labeled PTH ( 15 NPTH) as internal 
standard (IS).      

       1.    Calibrators ranging in concentration from 0 to 2000 pg/mL 
are prepared by diluting the NIBSC PTH(1–84) standard 
material into charcoal-stripped human serum. Prepare a 1 mg/mL 
stock standard and a 50 ng/mL intermediate stock to use for 
preparing working calibrators (Table  1 ). Keep frozen at −20 °C 
until needed.

       2.    Dissolve 500 μg  15 NPTH in 1 mL internal standard diluent to 
make a high stock concentration of 500 μg/mL. (Aliquot and 
store unused high stock at −80 °C.) Dilute the 500 μg/mL 

2.3  Calibrators, 
Internal Standard, 
and Quality Control 
Samples

   Table 1  
  Dilution scheme for preparing PTH(1–84) calibrator samples   

 Calibrator concentration pg/mL  Intermediate 50 ng/mL std (mL)  Stripped serum (mL) 

 0  0  250 

 50  0.25  249.75 

 100  0.50  249.5 

 300  1.50  248.5 

 600  3.0  247.0 

 1000  5.0  245.0 

 2000  10.0  240.0 

Quantitation of Parathyroid Hormone in Serum or Plasma by Liquid…
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appropriately to achieve a fi nal concentration of 10 ng/mL in 
500 mL charcoal-stripped serum. Store at −80 °C for 2 years.   

   3.    Three levels of quality control samples (Low: 50–100 pg/mL; 
Medium: 150–200 pg/mL; High: 450–550 pg/mL) are pre-
pared by pooling patient samples at appropriate concentrations. 
Samples can be aliquoted and stored at −80 °C for 2 years.      

       1.    Transfer pipettes, vortex and microtiter plate shaker.   
   2.    Incubator shaker that can heat to 37 °C and can shake 250 rpm.   
   3.    Positive pressure manifold capable of handling a 96 well plate.   
   4.    Analytical column: Higgins Analytica, TARGA C18, size 

50 × 3.0 mm, 5 μm particle size (Chromtech).   
   5.    IMMULITE™ ¼ inch diameter polystyrene beads, 

IMMULITE™ 2000 PTH assay (Siemens L2KPP6).   
   6.    Isolute PPT+ fi lter plate, 96-well (Biotage).   
   7.    Thermo-Cohesive  HPLC   system (Thermo Scientifi c).   
   8.    Applied Biosystems API 5000 triple quadrupole mass 

spectrometer.       

3    Method 

       1.    Thaw the patient samples, calibrators, controls, blanks, and IS 
( 15 NPTH) on ice and allow PTH antibody beads to reach 
room temperature.   

   2.    Transfer 1 PTH antibody bead per sample into each well of the 
96 well fi lter plate (Fig.  1 ).

2.4  Supplies 
and Equipment

3.1  Sample 
Preparation

  Fig. 1    Work fl ow for quantifying PTH(1–84) in serum and  plasma         
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       3.    Pipette 1.0 mL of each of patient samples, calibrators, controls 
or blanks into individual well of the fi lter plate.   

   4.    Add 50 μL IS ( 15 NPTH) into each well. Cover the plate with 
an adhesive plate seal and incubate at ambient temperature on 
the plate shaker for 4 h with constant shaking.   

   5.    Push serum waste into reservoir by placing the plate on a posi-
tive pressure manifold and applying pressure. Blot bottom of 
plate on paper towels to remove residual liquid.   

   6.    Wash the contents of the 96 well plate twice with 1–2 mL 
PBS. Allow all the liquid to pass through the fi lter plate using 
positive pressure manifold between washes.   

   7.    Add 300 μL trypsin buffer (1 μg in 300 μL 50 mM ammonium 
bicarbonate) to each well.   

   8.    Cover and seal the plate and incubate at 37 °C on a shaker at 
270 rpm for 30 min.   

   9.    Add 30 μL of reaction stopping reagent to each well and incu-
bate the fi lter plate with shaking at ambient temperature for 
5 min on a plate shaker.   

   10.    Place the fi lter plate over a 96 deep-well collection plate and 
push the liquid into the 96 deep-well plate using the positive 
pressure manifold.   

   11.    Seal the top of the 96 deep-well plate and inject supernatant 
onto the LC system. The prepared samples can be stored in a 
refrigerator until analyzed.      

       1.    Mobile phase A: 100 % water, 0.1 % formic acid; mobile phase B: 
100 % methanol, 0.1 % formic acid ( see   Note 1 ).   

   2.    Flow rate: 250 μL/min.   
   3.    The injected extract is separated on a C18 column, size 

50 × 3.0 mm, 5 μm analytical column. Start the gradient at 
20 % mobile phase B held for 2 min before ramping to 35 % B 
(4 min), 42 % B (6 min), 95 % B (2 min), 20 % B (1 min). Then 
the gradient is held at 20 % mobile phase B for 5 min before 
the next injection.      

             1.    Data is quantitated using the Analyst™ Software (version 1.4.1 
or higher) (Applied Biosystems).   

   2.    Calibration curves are established for every day of analytical 
run based on linear fi t regression of IS peak area/IS concentra-
tion ( x -axis) vs. analyte concentration/IS peak area ( y  axis). 
Peak area ratios are then used to calculate the analyte concentration 
by the software.   

   3.    Area of Q1/Q3 pair 486/635 is used for quantitation and 
492/693 is used as the IS.

3.2   HPLC   Conditions

3.3  Mass 
Spectrometer 
Conditions 
( See   Notes 2  and  3 ) 
(Table  2 )

3.4  Data Analysis 
and Quantitation

Quantitation of Parathyroid Hormone in Serum or Plasma by Liquid…
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      4.    Calibration curve is acceptable if correlation coeffi cient is 
≥0.99. If one of the calibrators is out of range by greater 
than ±20 % of expected value then the curve may be plotted 
after eliminating the calibrator. The lowest and the highest 
calibrator may not be removed as it will affect the LOQ and 
reportable range.   

   5.    QC values are acceptable if found to be with ±2SD of the 
established mean for the lot.   

   6.    The chromatographic retention times are monitored closely 
( see   Notes 4  and  5 ). A ±0.03 min shift in retention time on 
each LC system is considered acceptable.   

   7.    A typical ion extract chromatogram is shown in Fig.  2 .

4            Notes 

     1.    Acetonitrile will also work and is always good practice to optimize 
the signal to noise ratio after trying with various gradient ratios.   

   2.    Mass spectrometer source and lens parameters need to be opti-
mized on every instrument as they differ between instruments 
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  Fig. 2    Representative chromatograph for PTH(1–13) standard (486.2/635) and  15 NPTH(1–13) IS (492.2/643.7)       

   Table 2  
  MRMs for PTH and internal standard   

 Ion  Q1 Mass (amu)  Q3 Mass (amu)  Time (ms) 

 1–13 PTH analyte  486.200  635.400  100 

 1–13 PTH IS  492.200  643.700  100 
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of even the same manufacturer. MS/MS parameters can be 
optimized using the synthetic PTH(1–13) peptide by infusing 
a peptide solution through a “tee” into a 250 μL/min fl ow 
stream consisting of 40 % mobile phase A.   

   3.    Ion suppression on the instrument can be assessed as follows. 
Connect a syringe pump via a tee to the column effl uent and 
infuse synthetic PTH(1–13) peptide directly into the electro-
spray source until a constant response is obtained. Then a 
stripped serum blank and a pooled serum control extracted 
and prepared after complete sample work-up is injected onto 
the column to observe the effect of matrix suppression on the 
response for the continuously infused PTH(1–13).   

   4.    The PTH fragment 1–44 is known to interfere with this assay 
at levels as low as 500 pg/mL. The signifi cance and presence 
of this fragment is not fully understood.   

   5.    The PTH fragment 7–84 is known to interfere in immunoas-
says but the signifi cance and presence of this fragment in circu-
lation is not fully understood [ 11 ].         
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    Chapter 23   

 Determination of Phenylalanine and Tyrosine 
by High Performance Liquid Chromatography-Tandem 
Mass Spectrometry       

     Judy     Peat     and     Uttam     Garg       

  Abstract 

   Hyperphenylalaninemia/phenylketonuria (PKU) is one of the most common inborn errors of amino acid 
metabolism affecting about 1:15,000 infants in the United States. PKU is an autosomal recessive disorder 
that if untreated results in mental retardation. The most common cause of PKU is defi ciency of the enzyme 
phenylalanine hydroxylase that converts phenylalanine to tyrosine. Tyrosine defi ciency results in impaired 
synthesis of catecholamines and thyroxine. Less commonly, it can result from defects in the synthesis or 
regeneration of tetrahydrobiopterin (BH4), an essential cofactor for the enzyme phenylalanine hydroxylase. 
Increased phenylalanine and decreased tyrosine in blood are used in the diagnosis and follow-up of patients 
with PKU. LC/MS/MS method is described for the quantifi cation of phenylalanine and tyrosine.  

  Key words      Hyperphenylalaninemia    ,    Phenylketonuria    ,    PKU    ,    Phenylalanine    ,    Tyrosine    ,    Tandem mass 
spectrometry    ,    Tetrahydrobiopterin    ,    Phenylalanine    hydroxylase    

1      Introduction 

  Phenylketonuria   ( PKU  ) is one of the most common inborn errors 
of amino acid metabolism with frequency of 1:15,000 in the 
United States. The most common cause of PKU is defi ciency of 
the enzyme  phenylalanine    hydroxylase   that converts phenylalanine 
to  tyrosine   [ 1 ,  2 ]. This enzyme needs  tetrahydrobiopterin   (BH4) 
as an essential cofactor. Defects in the synthesis or regeneration of 
BH4 may also result in PKU. Infants with PKU generally appear 
normal at birth and show clinical signs of PKU within few months 
after birth. The primary phenotype of untreated PKU is mental 
retardation. It may also be accompanied by seizures, dystonia, irri-
tability, microcephaly, and cardiac malformations [ 1 ,  2 ]. The exact 
mechanism and pathogenesis of PKU is not known. But it is 
thought that phenylalanine and its metabolites are toxic to brain. 
Pathogenesis may also be related to competitive inhibition by phe-
nylalanine of neutral amino acid transport across the blood–brain 
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barrier. This results in defi ciency of tyrosine that is a precursor for 
synthesis of catecholamines [ 1 – 5 ]. 

 Most of the newborns with  PKU   are detected through  new-
born screening   by elevated  phenylalanine  . Confi rmation is per-
formed by elevated  plasma   phenylalanine (>120 μmol/L) and 
decreased  tyrosine  , and elevation of the phenylalanine/tyrosine 
ratio (>3). Increased excretion of phenylalanine metabolites phe-
nylpyruvic, phenyllactic, and phenylacetic acids is also seen in  urine 
organic acids   analysis. Although phenylalanine and tyrosine can be 
measured by spectrophotometric or fl uorometric assays, chromato-
graphic methods particularly LC/MS/MS are preferred [ 6 – 9 ]. The 
levels are measured for the diagnosis and follow-up of patients with 
PKU. Since phenylalanine is an essential amino acid, its frequent 
measurement, particularly in growing children, is needed for opti-
mal growth and clinical outcome.  

2    Materials 

   Serum or heparinized  plasma  .  

       1.    Bovine Serum  Albumin   (Sigma).   
   2.    Heptafl uorobutyric acid (Sigma).   
   3.    2.3 M ammonium hydroxide—Pipette 15.8 mL concentrated 

ammonium hydroxide into a 100 mL volumetric fl ask contain-
ing about 25 mL  HPLC   water. Mix and qs to 100 mL with 
HPLC water.   

   4.    Phosphate Buffered Saline System (Sigma PBSS): The system 
includes the following reagents: 1 M potassium phosphate 
(monobasic), 1 M potassium phosphate (dibasic), 5 M sodium 
chloride.   

   5.    Working phosphate buffered saline (PBS): Add 7.6 mL of 1 M 
potassium phosphate (monobasic), 42.4 mL of 1 M potassium 
phosphate (dibasic), and 30 mL 5 M NaCl to a 1 L volumetric 
fl ask. QS to 1 L with  HPLC   water. Confi rm that the pH is 
7.4 ± 0.1. Stable for 6 months when stored at room 
temperature.   

   6.    7 % bovine serum  albumin   standard buffer (pH 7.4): In a 
100 mL volumetric fl ask, dissolve 7 g of bovine serum albumin 
using 80 mL working PBS (phosphate buffered saline). QS to 
100 mL with PBS. Store at 2–8 °C. Stable for 1 year.   

   7.    Mobile phase A (0.1 % heptafl uorobutyric acid, HBA, in 
water): To 1 L of  HPLC   grade water add 1 mL HBA. Mix and 
degas. Store at room temperature. Stable for 6 months.   

   8.    Mobile phase B (0.1 % heptafl uorobutyric acid, HBA, in aceto-
nitrile): To 1 L of  HPLC   grade acetonitrile add 1 mL HBA. Mix 
and degas. Store at room temperature. Stable 6 months.      

2.1  Samples

2.2  Reagents 
and Solvents

Judy Peat and Uttam Garg
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       1.    Primary (1°) Standards (1 mg/mL):
   (a)     Phenylalanine  : Weigh 10 mg of  phenylalanine   (Sigma) and 

add to a 10 mL volumetric fl ask. Add approximately 8 mL 
of  HPLC   water. Sonicate a few minutes until dissolved 
then qs to 10 mL with HPLC water. Stable for 1 year when 
stored at −20 °C.   

  (b)     Tyrosine  : Weigh 10 mg of  tyrosine   (Sigma) and add to a 
10 mL volumetric fl ask. Dissolve with approximately 1 mL 
2.3 M ammonium hydroxide. QS to 10 mL with  HPLC   
water for a 1 mg/mL solution. Stable for 1 year when 
stored at −20 °C.       

   2.    Secondary (2°) Standards (100 μg/mL):
   (a)    Dilute the primary  phenylalanine   standard 1:10 with 

 HPLC   water. Stable for 1 year when stored at −20 °C.   
  (b)    Dilute the primary  tyrosine   standard 1:10 with  HPLC   

water. Stable for 1 year when stored at −20 °C.       
   3.    Primary Internal Standards (1 mg/mL):

   (a)     Phenylalanine    13 C 6 : Weigh 10 mg of  phenylalanine    13 C 6  
(Cambridge Isotope Laboratories) and add to a 10 mL 
volumetric fl ask. Add approximately 8 mL  HPLC   water. 
Sonicate for few minutes until dissolved, then qs to 10 mL 
with HPLC water. Stable for 1 year when stored at −20 °C.   

  (b)     Tyrosine   D 4 : Weigh 10 mg  tyrosine   D 4  (Cambridge 
Isotope Laboratories) and add to a 10 mL volumetric fl ask. 
Dissolve with approximately 1 mL 2.3 M ammonium 
hydroxide. QS to 10 mL with  HPLC   water. Stable for 1 
year when stored at −20 °C.       

   4.    Working internal standard reagent: In a 100 mL volumetric 
fl ask add approximately 80 mL methanol, 1.0 mL of primary 
 phenylalanine    13 C 6 , and 0.1 mL primary  tyrosine   D 4 . QS to 
100 mL with methanol. Stable for 1 year at −20 °C.      

       1.    Calibrators: Prepare calibrators 1–7 according to Table  1 .
       2.    Quality controls:

   (a)    BIORAD Liquichek TDM Levels 1 and 2.  Tyrosine   is 
added to Biorad 1 for a target concentration of 0.5 mg/dL 
and to Biorad 2 for a target concentration of 2.5 mg/
dL. Ranges for  phenylalanine   and  tyrosine   are established 
in-house.   

  (b)    In-house control spiked with  phenylalanine   (target: 
25 mg/dL) and  tyrosine   (target: 7.5 mg/dL) in 7 % 
bovine serum  albumin  . Ranges established in-house.         
 Store calibrators and controls at −20 °C to −70 °C. Stable 

for 6 months.  

2.3  Standards 
and Internal Standards

2.4  Calibrators 
and Controls

Determination of Phenylalanine and Tyrosine by Mass Spectrometry
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       1.    AB Sciex LC/MS/MS 4000Q TRAP with Shimadzu  HPLC  .   
   2.    Analytical column: Supelcosil, LC-18, 5 cm × 4.6 mm, 5 μm 

(Supelco).   
   3.    Turbovap LV (Biotage).   
   4.    Microcentrifuge tubes, 1.5 mL graduated tube with fl at cap 

(Fisher Scientifi c).   
   5.    13 × 100 mm screw-cap test tubes.   
   6.    Autosampler vials with glass inserts and crimp caps (P.J. Cobert 

Associates).       

3    Methods 

       1.    Pipette 20 μL sample, calibrator, blank, or control into a 
labeled microcentrifuge tube.   

   2.    Add 200 μL working internal standard reagent to all tubes.   
   3.    Vortex the tubes and let stand for 5 min.   
   4.    Centrifuge the tubes for 5 min at 10,000 ×  g .   
   5.    Remove 150 μL supernatant from each tube and transfer the 

extract to a Turbovap tube. Dry the extract for 2 min at 
40 °C.   

   6.    Reconstitute the residue with 400 μL mobile phase mixture 
(80 %  HPLC   water:20 % ACN:0.1 % HBA).   

   7.    Transfer to labeled autosampler vials.   
   8.    Inject 30 μL on LC/MS/MS for analysis.      

   The instrument’s operating conditions are given in Tables  2  and  3 .

2.5  Analytical 
Equipment 
and Supplies

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

   Table 1  
  Preparation of calibrators in 7 % bovine serum  albumin   (BSA)   

 7 % BSA (mL) 
 1° Standard (μL) 
 PHE/TYR 

 2° Standard (μL) 
 PHE/TYR 

 Calibrator (mg/dL) 
 PHE/TYR 

 0.940  –/–  50/10  0.5/0.1 

 0.930  20/–  –/50  2.0/0.5 

 0.850  50/–  –/100  5.0/1.0 

 0.880  100/20  –/–  10.0/2.0 

 0.750  200/50  –/–  20.0/5.0 

 0.600  300/100  –/–  30.0/10.0 
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   Table 2  
   HPLC   gradient programming and operating conditions   

 Time (min)  Mobile phase A  Mobile phase B 

 0.10  80  20 

 3.00  40  60 

 3.10  10  90 

 5.00  10  90 

 6.00  80  20 

 8.00  Stop 

  Flow rate: 0.60 mL/min; Column temperature: 40 °C  

    Table 3  
  MS/MS parameters and operating conditions   

 Q1 Mass  Q3 Mass  Dwell (ms)  DP  CE  CXP  Compounds 

 166.1  120.0  100  86  17  10  PHE-1(quant ion) 

 166.1  102.9  100  86  37  18  PHE-2 (qual ion) 

 172.2  126.0  100  111  17  10  PHE- 13 C 6  

 182.1  165.0  200  86  13  12  TYR-1(quant ion) 

 182.1  136.1  200  86  19  10  TYR-2 (qual ion) 

 186.1  169.1  200  81  16  14  TYR-D 4  

  Scan type: MRM; Polarity: Positive; Ion Source: Turbo Spray; Resolution Q1 and Q3: 
unit; CUR: 30.00; TEM: 400.00; GS1: 45.00; GS2: 40.00; ihe: ON; CAD: Medium; 
IS: 4000.00; EP: 10.00  

           1.    Data are analyzed using Analyst software (AB Sciex).   
   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  ( see   Note 1 ).   

   3.    Typical coeffi cient of correlation is >0.99.   
   4.    Typical ion chromatogram is shown in Fig.  1 .
       5.    Runs are accepted if calculated controls concentrations fall 

within two standard deviations of the target values.       

4    Note 

     1.    Two measurement units (mg/dL and μmol/L) are frequently 
used. Conversion of μmol/L to mg/dL can be done using 
following formulas

3.3  Data Analysis

Determination of Phenylalanine and Tyrosine by Mass Spectrometry
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   (a)     Phenylalanine  : μmol/L = mg/dL × 60.5   
  (b)     Tyrosine  : μmol/L = mg/dL × 55.2.             
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Chapter 24

Urine Purine Metabolite Determination  
by UPLC-Tandem Mass Spectrometry

Qin Sun

Abstract

Inborn errors of purine metabolism, either deficiencies of synthesis or catabolism pathways, lead to a wide 
spectrum of clinical presentations: urolithiasis (adenine phosphoribosyltransferase), primary immune defi-
ciency (adenosine deaminase deficiency and purine nucleoside phosphorylase deficiency), severe intellec-
tual disability, and other neurological symptoms (Lesch-Nyhan disease, adenylosuccinase deficiency, and 
molybdenum cofactor deficiency). A rapid quantitative purine assay was developed using UPLC-MS/MS 
to determine purine nucleoside and base concentrations in urine. Taking advantages of ultra performance 
liquid chromatography, we achieved satisfactory analyte separation and recovery with a polar T3 column 
in a short run time with no requirement of time-consuming sample preparation or derivatization. This 
targeted assay is intended for diagnosis and management of purine diseases, newborn screening follow-up 
of SCID, and evaluation of autism spectrum disorders.

Key words Purine, Adenine, Adenosine, Xanthine, Hypoxanthine, Inosine, Guanine, Succinylad-
enosine, Mass spectrometry, UPLC

1  Introduction

Purine metabolism involves nucleotide biosynthesis (de novo or 
salvage pathways) and degradations. The de novo multistep path-
way uses precursors of glycine, glutamine, and CO2 to synthesize 
the nucleotide, inosine monophosphate (IMP), which later can be 
interconverted to adenosine monophosphate (AMP) and guano-
sine monophosphate (GMP). Energy expensive nucleosides (inosine, 
adenosine, guanosine) and bases (xanthine, hypoxanthine, adenine, 
guanine) are salvaged, by two phosphoribosyltransferases, to 
corresponding nucleotides. Collectively with deoxynucleotides, 
they provide key building blocks for DNA, RNA, and many coenzymes. 
They also play crucial roles in cellular signal transduction, energy 
conservation, and transport. On the other hand, catabolism of 
purine nucleotides produces uric acid which is excreted as end 
product in urine. Intracellular concentrations of purine are 

Uttam Garg (ed.), Clinical Applications of Mass Spectrometry in Biomolecular Analysis: Methods and Protocols, Methods 
in Molecular Biology, vol. 1378, DOI 10.1007/978-1-4939-3182-8_24, © Springer Science+Business Media New York 2016
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balanced as results of catabolic and anabolic processes. Although 
fluctuation of purine intermediates and uric acid is expected due to 
diet and exercises, significant abnormalities of urinary excretions 
are pathognomonic biomarkers in purine metabolism disorders [1, 2].

Inborn errors of purine metabolism present with a broad spec-
trum of clinical phenotypes. Multiple tissues can be affected with 
immunological, hematological, neurological, and renal symptoms. 
Among purine disorders, hypoxanthine guanine phosphoribosyl-
transferase 1 (HGPRT) deficiency is the most prevalent one. While 
severe Lesch-Nyhan syndrome (OMIM 300322) is characterized 
by cerebral palsy-like motor dysfunction and self-injurious behav-
ior, mild variation of the defect in the same HGPRT enzyme 
(OMIM 300323) results in gout [3, 4]. The similar phenotype 
variations are common in other purine diseases. Adenylosuccinase 
deficiency (ADSL, OMIM 103050) shows encephalopathy, sei-
zure, and hypotonia. Mild ADSL cases may be associated with 
autism spectrum behaviors. Adenosine deaminase (ADA, OMIM 
102700) and purine nucleoside phosphorylase (PNP, OMIM 
613179) deficiencies are two of congenital disorders causing 
Severe Combined Immunodeficiency (SCID). Adenine 
Phosphoribosyltransferase (APRT, OMIM 614723) deficiency and 
Xanthinuria (OMIM 278300) present predominantly with uroli-
thiasis. The list of purine disorders continuously expanded in the 
last decade. Several comprehensive reviews were recently published 
describing in detail the clinical features of known purine deficien-
cies [5–10]. In 2013, the American College of Medical Genetics 
and Genomics (ACMG) revised the guideline for clinical genetic 
evaluation in identifying the etiology of autism spectrum disorders 
(ASD). Adenylosuccinate lyase deficiency (ADSL, OMIM 103050) 
was listed as one of the metabolic conditions that are associated 
with ASD phenotype [11, 12]. All purine diseases mentioned 
above are inherited as autosomal recessive with the exception of 
Lesch-Nyhan disease (X-linked inheritance). It was reported fewer 
than 1000 patients had been diagnosed with purine or pyrimidine 
disorders in 435 million in 18 European countries [13]. However 
purine deficiencies may be underdiagnosed because physicians are 
not familiar with the group of disorders. In addition diagnostic 
tests are only available in few biochemical genetics laboratories. 
The phenotypic complexity of purine deficiencies presents a diag-
nostic dilemma clinically. However if diagnosis is made earlier, 
effective treatments for purine deficiencies, though limited at the 
moment, can help patients before the onset of irreversible dam-
ages: bone marrow transplant for ADA and PNP deficiencies, 
enzyme replacement for ADA deficiency, cyclic pyranopterin 
monophosphate (cPMP) for most common molybdenum cofactor 
deficiency. Besides diagnostic and monitoring purposes, purine 
tests are also important for newborn screening follow-up. Currently 
more than 16 states in the United States add SCID screening to 
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their newborn screening programs. Purine screening can easily 
confirm SCID that is related to ADA or PNP deficiencies. Finally 
screening for both purine and pyrimidine (see Chapter 25) is helpful 
for ASD evaluation.

For laboratory diagnosis of purine disorders, both functional 
studies and analyte tests are available. Enzyme activities for ADA, 
PNP, and HGPRT can be performed in red blood cells, white blood 
cells, and skin fibroblast cultured cells. Purine metabolites are mostly 
determined in urine [14]. Here we describe a rapid assay using ultra 
performance liquid chromatography (UPLC)-tandem mass spectrom-
etry (MS/MS) to quantitative three purine bases (adenine, xanthine, 
and hypoxanthine) and five nucleosides (adenosine, deoxyadenosine, 
guanosine, inosine, and succinyladenosine).

2  Materials

Collect 1.0–5.0 mL of random urine. No preservatives are required. 
Store the specimen frozen. Specimens may be stored for not more 
than 1 month. Specimens with a creatinine value of less than 
0.1 mg/mL should be rejected.

	 1.	Running Buffer A & Sample Dilution Buffer: 2 mM ammo-
nium acetate, 0.1 % Formic acid in deionized water. Store the 
buffer at room temperature, stable for 2 years.

	 2.	Running Buffer B: 2 mM ammonium acetate, 0.1 % Formic 
acid in methanol. Store the buffer at room temperature, stable 
for 2 years.

	 3.	40 mM Tris–HCl: Mix 0.48 g Tris-base (Sigma, MO), 38 mg 
magnesium chloride (Sigma, MO) with 70 mL HPLC grade 
water. Adjust pH to 8.0 with hydrochloric acid. Adjust final 
volume to 100 mL with water. Store solution at room tem-
perature, stable for 2 years.

	 1.	Stock analyte solutions: Stock solutions of each analyte are 
made in running buffer A according to Table 1. Before mix-
ture, concentrations of each analyte stock are determined by 
UV/VIS spectrophotometer according to their molar absorp-
tion coefficients at appropriate pH ranges and specified wave-
lengths. Prepare a stock solution of each of the above 
compounds. Store in −80 °C freezer. Stable for 2 years.

	 2.	Standard curve mix: The single standard curve mix is made by 
adding each analyte to Buffer A for a final concentration of 
100 μM for each analyte in a total volume of 50 mL. Vortex 
each stock analyte solution well prior to making the mix. 
Aliquot 500 μL into singly labeled microfuge tubes and store 
in −80 °C freezer.

2.1  Samples

2.2  Reagents

2.3  Standards 
and Calibrators

Urine Purine Metabolite Determination by UPLC-Tandem Mass Spectrometry 
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	 3.	Prepare working calibrators according to Table 2.
	 4.	Prepare the following vials for the standard curve using the 

standard curve and internal standard mixes from the −80 °C 
freezer. The mixes are aliquoted into single use microfuge 
tubes. Thaw the standard curve and internal standard solutions 
to room temperature and sonicate for 2 min. Leave at room 
temperature during use and discard any remaining mixes as 
freezing/thawing degrades the analytes.

	 5.	Succinyladenosine (2.6 mM working solution): Add 12 mg of 
adenylosuccinic acid (Sigma, MO) to 10 mL of 40 mM Tris–
HCl buffer (pH 8.0). Add 100 U of 5′-nucleotidase (Sigma, 
MO). Incubate at 37 ± 1 °C overnight. Check conversion using 

Table 1 
Preparation of analyte stock solutions

Analyte Stock solution [Expected]
pH, Max UV  
wavelength εmax × 10−3

Adenine 30 mg in 100 mL Buffer A 2.2 mM pH 6–8, 260 nm 13.3

Xanthinea 12 mg in 1 mL 10 N NaOHa 0.79 mM pH 2–6, 260 nm   8.85

Hypoxanthine 70 mg in 100 mL Buffer A 5.1 mM pH 4–7, 260 nm   7.90

Guanosine 24 mg in 100 mL Buffer A 0.85 mM pH 7, 260 nm 11.7

Inosine 120 mg in 100 mL Buffer A 4.47 mM pH 3–6, 260 nm   7.10

Adenosine 120 mg in 100 mL Buffer A 4.49 mM pH 7–12, 260 nm 14.90

Deoxyadenosine 55 mg in 100 mL Buffer A 2.04 mM pH 2, 258 nm 14.1

Abs absorption on UVspec
aDissolve xanthine in 1–2 mL 10 N sodium hydroxide. Mix in glass test tube by shaking until xanthine is completely in 
solution. Add this solution to ~90 mL buffer, mix, and fill to 100 mL total volume

Table 2 
Standard curve construction for urine purines and succinyladenosine

Working sol’n Int. std.
Sample  
buffer

Concentration  
(μM)

5 10 95     5

10 10 90   10

25 10 75   25

50 10 50   50

75 10 25   75

100 10 0 100
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tandem mass. Substrate adenylosuccinate displays a 427 m/z 
peak and succinyladenosine 382 m/z. Add another 100  U 
enzyme if conversion is not complete.

	 6.	Quantitate the succinyladenosine concentration by diluting 
200× and measuring its absorbance with the spectrophotome-
ter. The millimolar extinction coefficient is 19.2 at 268 nm. 
Make an individual standard curve mix for succinyladenosine 
by diluting in buffer A to a final concentration of 
100 μM. Aliquot 500 μL into singly labeled microfuge tubes 
and store in −80 °C freezer.

	 1.	Internal Standard Mix: 15N2-adenine (Sigma, MO), 13C5-
adenosine, 13C10, 15N5-guanosine, 1,3-15N2 Xanthine, and 15N5 
Deoxyadenosine (Cambridge Isotope Laboratories, MA). 
Prepare a 200 μM solution of each of the above solutions in 
running buffer A.

	 2.	Each run must contain two levels of spiked controls. Pool 
urines for a volume of about 100 mL. Put 50 mL each into two 
50 mL conical tubes and centrifuge at 3000 × g for 10 min. 
Transfer urine supernatants into new 50 mL conical tubes. The 
level of endogenous adenosine in normal urine is very low and 
a small concentration spike is used to create the low control 
range. Aliquot 1 mL to labeled microfuge tubes and store in 
the −80 °C with the assay reagents. Establish control ranges by 
running ten control samples of each.

	 1.	Column: Atlantis T3, 5 μm particle, 2.1 × 100  mm (Waters, 
MA).

	 2.	Acquity UPLC coupled with TQD Tandem Mass Spectrometer 
(Waters, MA).

3  Methods

	 1.	Allow urine samples to thaw completely and mix thoroughly. 
Samples may be maintained at room temperature while 
processing.

	 2.	Prepare each urine sample as follows:
(a)	 Sample volume: 50 μL
(b)	 Internal standard mix: 10 μL
(c)	 Sample buffer: 50 μL

Mix samples well and briefly centrifuge before loading 
to LCMS. Injection volume is 3 μL.

	 3.	UPLC setting:
(a)	 Flow rate: 0.75 mL/min

2.4  Quality Controls 
and Internal Standards

2.5  Supplies 
and Equipment

3.1  Stepwise 
Procedure
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(b)	 Gradient: 0–0.5  min, 100  % A; 0.5–1.5  min, 100  % to 
70  % A; 1.5–1.8  min, 70  % B to 100  % B; 1.8–5  min, 
100 %B; 5–8 min, equilibrate with 100 %A.

(c)	 Column manager temperature: 30 °C
	 4.	TQD mass spectrometry setting:

(a)	 Source: ESI+ and ESI− (Xanthine only)
(b)	 Cone (V): see Table 3
(c)	 Extractor (V): 2
(d)	 Collision energy: see Table 3

	 1.	A sample of MRM chromatograms of purine metabolites is 
shown in Fig.  1. MRM transitions used to quantify these 
analytes are listed in Table 3.

	 2.	Quantlynx software (Waters, MA) was used to quantitate data 
(see Notes 1–3). Linear standard curves based on calibrator/
internal standard responses vs. target concentration are 
established to quantitate unknown patient samples. Acceptable 
calibration curves have correlation coefficient (R2) > 0.96 but 
preferable > 0.99.

	 3.	Use dilution factor of 2 in the sample sequence for calculating 
the final concentration.

	 4.	Normal reference ranges are listed in Table 4.

3.2  Data Analysis

Table 3 
MRM transitions and analyte tune conditions

Analyte Transition Dwell
Cone  
voltage

Collision  
energy

Adenine 133.8 > 106.8 0.5 s 25 17

Xanthine 150.5 > 107.9 0.5 s 35 15

Hypoxanthine 134.4 > 91.8 0.5 s 30 15

Guanosine 281.8 > 149.8 0.5 s 26 18

Inosine 266.7 > 134.4 0.5 s 32 22

Adenosine 311.8 > 133.8 0.5 s 18 16

Deoxyadenosine 295.7 > 45 0.5 s 18 11

Succinyladenosine 381.8 > 133.8 0.5 s 35 18

15N2-Adenine 135.9 > 107.9 0.5 s 40 17

13C5-Adenosine 316.9 > 133.8 0.5 s 19 14

13C10
15N5-Guanosine 296.6 > 159.8 0.5 s 31 19
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Fig. 1 UPLC-MS/MS chromatograms of purine analytes. From top, hypoxanthine, 
succinyladenosine, guanosine, inosine, adenosine, deoxyadenosine, and xan-
thine. Note that actual inosine peak elutes at 1.12 min. The second peak (elutes 
at around 1.48 min) is an unidentified contaminant found in isotopic adenosine
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4  Notes

	 1.	Urine purine values are normalized with creatine level of 
specimen. Diluted urine may cause artificial elevations of 
analyte concentrations. Extremely low urine samples with cre-
ating levels < 0.1 mg/mL are rejected and a replacement sam-
ple is required for accurate measurement. Infantile urine 
samples frequently contain low creatinine and are canceled. To 
improve chances of sample acceptability, 24 h randomly col-
lected urine is recommended. In such cases, individual urine 
samples need to be pooled and frozen immediately after 
collection.

	 2.	Occasionally urine samples may give low responses for some 
purine analytes while other analytes in the same sample yield 
reasonable responses. Signals of corresponding internal stan-
dards are usually low as well. This signal quenching phenome-
non is most likely due to interferences by unknown medications 
or compounds in the urine sample. One quick solution is to 
dilute such urine specimen. This can solve the problem in many 
cases without further modification of LC settings.

	 3.	Succinyladenosine can also be determined in cerebrospinal 
fluid (CSF) using the same method. A minimum of 100 μL of 
cerebrospinal fluid (CSF) is needed. Store specimen frozen for 
no longer than 2 weeks.

	 4.	A list is provided in Table 5 for quick reference of purine dis-
orders and their corresponding diagnostic markers.

Table 4 
Normal reference rangesa

Analyte 0–2 years 3 to Adult

Adenine 0–2.9 0–1.3

Adenosine 0–3.8 0–3.4

Deoxyadenosine 0–4.1 0–3.2

Hypoxanthine 1–30.9 0–38.6

Guanosine 0–7.3 0–5.3

Inosine 0–4.8 0–4.8

Succinyladenosine 0–30.2 0–34.6

Xanthine 0–59 0–47.8
aAll values are expressed as mmol/mole creatinine
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    Chapter 25   

 Urine Pyrimidine Metabolite Determination 
by HPLC Tandem Mass Spectrometry       

     Qin     Sun       

  Abstract 

   Pyrimidine diseases result from defi ciencies in pyrimidine de novo synthesis, degradation, and salvage 
pathways. Enzymatic defi ciencies in pyrimidine catabolism lead to mitochondrial neurogastrointestinal 
encephalopathy (MNGIE), pyrimidinuria, dihydropyrimidinuria, ureidopropionic aciduria, and other 
disorders. While MNGIE presents with gastrointestinal dysmotility, cachexia, and leukoencephalopa-
thy, pyrimidinuria and dihydropyrimidinuria may show symptoms of epilepsy, autism, mental retardation, 
and dysmorphic features. The application of HPLC-MS/MS facilitates rapid screening of pyrimidine 
metabolites. Here we describe an LCMS method for determination of uracil, thymine, thymidine, 
dihydrouracil, and dihydrothymine that are diagnostic biomarkers of MNGIE, pyrimidinuria, and 
dihydropyrimidinuria.  

  Key words      Pyrimidine    ,    Pyrimidinuria    ,    Dihydropyrimidinuria    ,    Ureidopropionic aciduria    ,    Uracil    , 
   Thymine    ,    Thymidine    ,    Dihydrouracil   and  dihydrothymine    

1      Introduction 

 Pyrimidines perform fundamental cellular functions in biosynthesis 
of DNA, RNA, polysaccharides, and phospholipids. Similar to 
purines,  pyrimidine   metabolism also involves de novo synthesis, 
salvage, and degradation pathways. Beginning with carbamoyl phos-
phate as the precursor, it takes multiple steps to synthesize the central 
compound, uridine 5′-monophosphate (UMP). UMP can be then 
converted to other essential nucleotides, cytidine monophosphate 
(CMP) and  thymidine   monophosphate (TMP). While pyrimidine 
nucleosides (cytidine and thymidine) are also converted to related 
nucleotides by phosphorylation kinases, there is no evidence for sal-
vage of pyrimidine bases so far. Catabolism of CMP, TMP, and UMP 
yields end products of β-alanine and β-aminoisobutyrate [ 1 ]. 

 Totally ten inborn errors of  pyrimidine   metabolism in pyrimi-
dine synthesis and catabolism pathways have been reported [ 2 – 6 ]. 
As in  purine   disorders, pyrimidine defi ciencies can present with 

Uttam Garg (ed.), Clinical Applications of Mass Spectrometry in Biomolecular Analysis: Methods and Protocols, Methods 
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widely varied clinical manifestations. Symptoms like hemolytic 
anemia, development delay, recurrent infections, optic atrophy, 
scoliosis, hypotonia, and gastrointestinal dysfunction can all be 
found in pyrimidine diseases. Curiously, neurologic symptoms and 
epilepsy are more likely presented in pyrimidine degradation 
defi ciencies in addition to other manifestations. Furthermore, 
dihydropyrimidine dehydrogenase (DPD) defi ciency is recognized 
as one of the metabolic conditions that are associated with autistic 
spectrum disorders [ 7 ]. 

 Because of their broad spectrum of phenotypes,  pyrimidine   dis-
eases have been misdiagnosed or remained undiagnosed in patients. 
Only few biochemical genetics laboratories provide targeted diag-
nostic tests for pyrimidine defi ciencies. The correct diagnosis may 
lead to timely treatment and genetic counseling for the family. It is 
also critical when considering cancer therapy with pyrimidine ana-
logues in patients with certain pyrimidine degradation diseases as the 
enzymatic defi ciency causes unexpected accumulation of toxic drugs. 
Few methods were reported for individual disease with thin layer 
chromatography or  gas chromatography  –mass spectrometry. With 
availability of  tandem mass spectrometry   in clinical laboratories, 
screening multiple analytes across the pathway in one simple assay 
became possible [ 8 ]. Here we describe a rapid  HPLC  -ESI-MS/MS 
assay for urinary pyrimidine metabolite determination. These fi ve 
analytes belong to pyrimidine degradation pathway,  uracil  ,  thymine  , 
 dihydrouracil  ,  dihydrothymine  , and  thymidine  . While elevations of 
uracil and thymine are expected in  pyrimidinuria   (also called 
dihydropyrimidine dehydrogenase defi ciency, OMIM 274270), 
elevations of above two compounds plus their dihydro-derivatives 
(dihydrouracil and dihydrothymine) are associated with  dihydropy-
rimidinuria   (also called dihydropyrimidinase defi ciency, OMIM 
222748) [ 9 ,  10 ].  Thymidine   can be measured in both urine and 
 plasma   for the diagnosis of MNGIE (also called mitochondrial DNA 
depletion syndrome 1, OMIM 603041).  

2    Materials 

   1.0–5.0 ml of randomly collected urine. No preservatives are 
required. Store the specimen frozen. Specimens may be stored for 
not more than 1 month. Specimens with a creatinine value of less 
than 0.1 mg/ml should be canceled.  

       1.    Running Buffer A and Sample Dilution Buffer: 2 mM ammo-
nium acetate, 0.1 % formic acid. Store buffer at room temperature, 
stable for 1 year.   

   2.    Running Buffer B: 2 mM ammonium acetate, 0.1 % formic 
acid in 100 % methanol. Mix well on stir plate. Store at room 
temperature. Stable for 1 year.      

2.1  Samples

2.2  Reagents
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       1.    Stock Analyte Solutions:  Uracil  ,  thymine  ,  dihydrothymine   
(MP Biomedicals, CA),  dihydrouracil   (Frinton Laboratories, 
NJ), and  thymidine   (Sigma Aldrich, MO).   

   2.    Stock solutions of each analyte are made in running buffer 
A. Before mixture, concentrations of each analyte stock are 
determined by UV/VIS spectrophotometer according to their 
molar absorption coeffi cients at appropriate pH ranges.   

   3.    Prepare a stock solution of each of the above compounds. 
Store in freezer (−80 °C). Stable for 2 years.      

       1.    Internal standard mix:  13 C- dihydrouracil  , D 4 - thymine  , D 3 - 
dihydrothymine     , (Cambridge Isotope Laboratories, MA), 
 15 N- uracil  , and D 4 - thymidine   (CDN Isotopes, Canada).   

   2.    Controls: Each run must contain two levels of spiked control. 
Pool urines for a volume of about 100 ml. Put 50 ml each into 
two 50 ml conical tubes and centrifuge at 3000 ×  g  for 10 min. 
Transfer urine supernatants into new 50 ml conicals. The levels 
of endogenous  pyrimidine   in normal urine are very low and a 
small spike is used to create the low control range. Aliquot 
1 ml to labeled microfuge tubes and store at −80 °C with the 
assay reagents.      

       1.    Column: Atlantis T3, 5 μm particle, 2.1 × 100 mm (Waters, MA).   
   2.    Alliance 2695  HPLC   coupled with Quattro micro Tandem 

Mass Spectrometer (Waters, MA).       

3    Methods 

       1.    Allow urine samples to thaw completely and mix thoroughly. 
Samples may be maintained at room temperature while 
processing.   

   2.    Prepare each urine sample as follows:
   (a)    Sample volume: 100 μl   
  (b)    Internal standard mix: 20 μl     

 Mix samples well and briefl y centrifuge before loading 
to LCMS. Injection volume is 3 μl.   

   3.     HPLC   setting:
   (a)    Flow rate: 0.2 ml/min   
  (b)    Gradient: 0–0.3 min, 97 % A; 0.3–2.3 min, 97–0 % A; 

2.3–3.0 min, 100 % B; 3–4 min, 0–97 % A; 4–8 min, 
equilibrate with 97 % A.    

      4.    TQD  mass spectrometry   setting:
   (a)    Source: ESI+. MRM transitions for each analyte and other 

parameters,  see  Table  1 .

2.3  Standards 
and Calibrators

2.4  Quality Controls 
and Internal Standards

2.5  Supplies 
and Equipment

3.1  Stepwise 
Procedure
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      (b)    Capillary: 2.9   
  (c)    Extractor: 2.0   
  (d)    Desolvation temperature: 400    

             1.    A sample of MRM chromatograms of  purine   metabolites is 
shown in Fig.  1 . Normal reference ranges are listed in Table  2  
and diagnostic markers for  pyrimidine   defi ciencies in Table  3 .

         2.    Quantlynx software (Waters, MA) was used to quantitate data 
( see   Notes 1 – 3 ). Linear standard curves based on calibrator/
internal standard responses vs. target concentration are estab-
lished to quantitate unknown patient samples. Acceptable cali-
bration curves have correlation coeffi cient ( R  2 ) > 0.96 but 
preferable >0.99.       

4    Notes 

     1.    Urine  pyrimidine   values are normalized with creatine level of 
specimen. Diluted urine may cause artifi cial elevations of ana-
lyte concentrations. Extremely low urine samples with creating 
levels < 0.1 mg/ml are rejected and a replacement sample is 
required for appropriate measurement. Infantile urine samples 
are frequently contain low creatinine and canceled. To improve 
the chances of sample acceptability, 24 h randomly collected 
urine is recommended. In such cases, individual urine samples 
need to be pooled and frozen immediately after collection.   

3.2  Data Analysis

   Table 1  
   Tandem mass spectrometry   setup   

 Analyte  Transition  Dwell (s)  Cone (V)  Collision (eV) 

  Uracil    112.8 > 70  0.25  24  14 

  15 N 2 - Uracil    114.8 > 70.7  0.25  24  15 

  Dihydrouracil    114.8 > 72.9  0.25  25  11 

  13 C 4 , 15 N- Dihydrouracil         121.0 > 76.7  0.25  26  10 

  Thymine    127 > 110.2  0.25  26  13 

 D 4 - Thymine    131 > 114.1  0.25  35  16 

  Dihydrothymine    129 > 69  0.25  22  14 

 D 9 - Dihydrothymine        135 > 74  0.25  28  15 

  Thymidine    243.2 > 127.2  0.25  10  12 

 D 4 - Thymidine    247.2 > 131.2  0.25  15  10 
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  Fig. 1    LCMS chromatograms of  pyrimidine   metabolites. From the  top ,  thymidine  , 
 dihydrothymine  ,  thymine  ,  dihydrouracil  , and  uracil  . Note that thymine elutes at 
5.52 min. A contamination with the same 127 > 110.2 MRM is eluted later at 
8.99 min       

   Table 2  
  Normal reference ranges a    

 Analyte  Reference range 

  Uracil    0–34 

  Thymine    0–1.3 

  Thymidine    0–0.2 

  Dihydrouracil    3–58 

  Dihydrothymine    0–1.3 

   a All values are expressed as mmol/mole creatinine  

   Table 3  
  Diseases associated with elevated analyte concentrations   

 Disease  Metabolites present 

 Dihydropyrimidine dehydrogenase defi ciency   Uracil,    thymine   

 Dihydropyrimidinase defi ciency   Dihydrouracil,   dihydrothymine,    uracil,     thymine   

 MNGIE  Thymidine,    deoxyuridine 
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   2.    Occasionally urine samples may give low responses for some 
 purine   analytes. Signals of corresponding internal standards are 
usually low as well. This signal quenching phenomenon is most 
likely due to interferences by unknown medications or com-
pounds in the urine sample. One quick solution is to dilute the 
urine specimen. This can help in many cases without further 
modifi cation of LC settings. In rare cases in which dilution does 
not improve the signal intensity, a replacement specimen is 
required for accurate measurement.   

   3.    It was found that an unidentifi ed compound was eluting closely 
with  dihydrouracil   based on our experiences. This peak is only 
present in some urine samples and yields the same. It is impor-
tant to 114.85 > 72.9 MRM transition. In order to accurately 
measure dihydrouracil, it is important to ensure that the LC 
gradient is optimized and able to clearly separate this contami-
nation peak from real dihydrouracil peak (using isotopic inter-
nal standard as guidance).         
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Chapter 26

Quantitation of Plasma Renin Activity in Plasma Using 
Liquid Chromatography–Tandem Mass Spectrometry  
(LC-MS/MS)

J. Grace Van Der Gugten and Daniel T. Holmes

Abstract

Accurate determination of plasma renin activity (PRA) is essential for the development and maintenance 
of an effective screening program for primary aldosteronism (PA). PRA measurement can also be useful in 
the investigation of renal artery stenosis, syndrome of mineralocorticoid excess, Addison’s disease, con-
genital adrenal hyperplasia, Bartter and Gitelman syndromes, and for inherited defects in the renin angio-
tensin aldosterone system (RAAS). We describe a semi-automated and simple method for the accurate and 
precise measurement of PRA from 500 μL of plasma (250 μL if blank subtraction is omitted, as discussed) 
using a liquid chromatography and tandem mass spectrometry (LC-MS/MS) method for angiotensin  
I (AngI) in 96-well format. After a 3 h AngI generation step at 37 °C in buffering conditions at pH 6, the 
reaction is quenched with 10 % formic acid containing AngI internal standard. Sample preparation then 
proceeds with offline solid phase extraction, two wash steps, and methanol elution followed by injection 
into the LC-MS/MS system. Quantitation is performed against a 7-point calibration linear curve prepared 
in buffer. The assay calibration range is 0.34–30.0 ng/mL which corresponds to PRA values of 0.11–
10.0 ng/mL/h: much wider than was possible using traditional competitive antibody-based methods. 
Total precision in clinical production has been observed to be 5.8 to 5.0 % for Bio-Rad Hypertension 
Control materials having nominal PRA values ranging from 1.73 to 12.43 ng/mL/h. At AngI concentra-
tions of 0.06 ng/L (corresponding to a PRA of 0.02 ng/mL/h), signal to noise ratios are 50:1 indicating 
that the limit of quantitation is well below the level required for clinical use.

Key words Primary aldosteronism, Mineralocorticoid hypertension, Secondary hypertension, 
Hypokalemia, Angiotensin I, Plasma renin activity, Mass spectrometry

1  Introduction

Renin (3.4.23.15) is an enzyme released into circulation by the 
juxtaglomerular apparatus of the nephron. Its action is to cleave 
the decapeptide angiotensinI (AngI, DRVYIHPFHL) from angio-
tensinogen, an α2-globulin secreted by the liver. Under the action 
of the angiotensin converting enzyme (ACE), which is primarily 
expressed in pulmonary vascular endothelium, AngI is converted 
to the octapeptide angiotensin II (AngII), a potent vasoconstrictor 
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that also upregulates the production of aldosterone at the level of 
the adrenal cortex. The principal action of aldosterone, as medi-
ated by the mineralocorticoid receptor, is to cause the retention of 
sodium ions in exchange for potassium ions through expression of 
basolateral K+/Na+ channels in the renal collecting duct. This leads 
to the expansion of the plasma volume, the maintenance of blood 
pressure, and urinary wasting of K+.

In pathological states, the adrenal production of aldosterone 
can become autonomous due to bilateral adrenal hyperplasia, aldo-
sterone producing adenoma, and a number of other less frequent 
causes [1, 2]. The unregulated production of aldosterone leads to 
physiologically appropriate suppression of plasma renin activity 
(PRA) but pathological Na+ retention and hypertension which may 
be accompanied by hypokalemia and metabolic alkalosis [1].

The accepted means of screening for PA is the determination of 
simultaneously collected plasma aldosterone and PRA and the cal-
culation of the aldosterone to renin ratio (ARR). Ratios over a spe-
cific threshold, usually between 20 and 40  ng/dL:ng/mL/h 
depending on method-specific biases, represent a positive screen for 
PA in a clinically appropriate setting [2]. Some authors recommend 
additionally that plasma aldosterone be above a minimum threshold 
for an elevated ARR to be considered a positive screen for PA [3].

PRA determination is also useful in the diagnosis of hyperten-
sion caused by secondary (hyperreninemic) aldosteronism which is 
seen in renal artery stenosis (whether attributable to atherosclero-
sis or fibromuscular dysplasia) or rarely, renin producing tumors of 
the kidney. Other conditions where PRA determination may be 
diagnostically useful include primary adrenal insufficiency 
(Addison’s disease), Bartter and Gitelman syndromes, and neona-
tal congenital or acquired neonatal pseudohypoaldosteronism.

PRA is determined by measuring the amount of AngI gener-
ated after incubation of plasma in appropriately buffered condi-
tions (usually pH = 6) for a fixed time period which is at least 1 h, 
typically 3 h and occasionally 18 h if additional analytical sensitivity 
is desired [4]. In traditional assays, a “blank” specimen is also pre-
pared by incubating an aliquot of plasma in identical buffering 
conditions but cooled on an ice-water bath so that renin is enzy-
matically inactive. The AngI concentration in the blank sample can 
then be used to correct for the presence of low-level AngI in the 
plasma at the time of (or inadvertently generated after) the collec-
tion. PRA is then calculated as:

	
PRA

AngI AngI
C blank=

[ ] - [ ]°37

Dt 	
(1)

where [AngI]37 ° C represents the concentration of AngI after incu-
bation at 37 °C, [AngI]blank represents the concentration of AngI 
after incubation on ice-water bath and Δt is the duration of the 
incubation.

J.Grace Van Der Gugten and Daniel T. Holmes
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In this method, the AngI is generated using a 3 h incubation 
at pH = 6 where renin is approximately twofold more enzymatically 
active than at physiological pH [5]. Generated AngI is extracted 
from the plasma samples using solid phase extraction (SPE) and 
analyzed by liquid chromatography and tandem mass spectrometry 
(LC-MS/MS). The implicit assumption is that the endogenous 
angiotensinogen in the specimen will remain at a sufficiently high 
concentration in the 3 h incubation so as not to be rate-limiting. 
Proteolytic degradation of AngI by ACE and nonspecific pepti-
dases is inhibited during AngI generation by both ethylenediami-
netetraacetic acid (EDTA) and phenylmethanesulfonylfluoride 
(PMSF) which are present in the generation buffer.

Analytically, AngI was traditionally determined by radioimmu-
noassay (RIA), but with the advent of LC-MS/MS instruments 
into routine clinical laboratories, several authors have published 
methods suitable for high-throughput environments [6–10]. In 
addition to the benefit of avoiding radiotracers used in RIA, 
LC-MS/MS has a linear relationship between analyte concentra-
tion and instrument response. This affords a very wide analytical 
range thereby permitting the direct analysis of specimens from 
neonates (and from other high-renin states) without pre-dilution 
which causes unpredictable and patient-specific effects on recovery 
[5]. LC-MS/MS also permits the use of ion ratios to verify the 
absence of analytical interferents and, by virtue of its analytical sen-
sitivity and specificity, likely obviates the need for blank subtrac-
tion, provided that the generation step is adequately long [8, 10].

2  Materials

Plasma collected in EDTA tubes is the only acceptable sample type 
for this assay. Specimens should be collected into EDTA plasma 
tubes and centrifuged within 30 min (preferably within 10 min) 
and rapidly frozen until analysis [4] (see Note 1).

	 1.	Bovine Serum Albumin, Fraction V, Omnipur® (EMD 
Millipore. Billerica, MA).

	 2.	Phenylmethanesulfonylfluoride (PMSF), >98.5  % (Sigma-
Aldrich St. Louis, MO).

	 3.	100 mM PMSF in methanol: Dissolve 0.174 g of PMSF into 
10  mL of methanol. Store at 2–8  °C.  Expected stability: 
>6 months.

	 4.	Buffer A: 0.1 M Tris Base pH 6: Dissolve 12.11 g of Tris Base 
into 1000 mL of deionized water. Adjust to pH 6 with glacial 
acetic acid. Store at 2–8 °C. Expected stability: >6 months.

	 5.	Working Buffer B: 1 % BSA (w/v) in Stock Buffer A: Dissolve 
0.1 g of BSA into 10 mL of 0.1 M Tris Buffer pH 6. Prepare 
fresh for each batch.

2.1  Samples

2.2  Solvents 
and Reagents
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	 6.	Generation Buffer: Weigh 121.1 g of Tris Base + 74 g EDTA 
into a 1000  mL volumetric flask. Add DI water to about 
900 mL. Sonicate for 30 min or until the Tris Base and EDTA 
are fully dissolved. Add DI water to the volume mark and mix 
well. Transfer to a labeled polypropylene storage container. 
Adjust to pH  5.45–5.50 with glacial acetic acid. Store at 
2–8 °C. Expected stability: >6 months.

	 7.	On the day of analysis, add 100 μL of the 100 mM PMSF solu-
tion to 10 mL of generation buffer.

	 8.	Mobile Phase A: 0.2 % formic acid in water: Add 2 mL of for-
mic acid to 1 L of DI water. Mix well.

	 9.	Mobile Phase B: 0.2 % formic acid in methanol: Add 2 mL of 
formic acid to 1 L of methanol. Mix well.

	10.	10  % Formic Acid in water: Add 50  mL of formic acid to 
450 mL of DI water. Mix well. Store at room temperature. 
Expected stability: >3 months.

	11.	5 % formic acid in water: Add 25 mL of formic acid to 475 mL 
of DI water. Mix well. Store at room temperature. Expected 
stability: >3 months.

	12.	20 % methanol in water: Add 100 mL of methanol to 400 mL 
of DI water. Mix well. Store at room temperature. Expected 
stability: >3 months.

	13.	Lyphochek™ Hypertension Markers Control, Trilevel (Bio-
Rad, Montreal QC, Canada).

	 1.	Primary standard: AngI: 3× 10 μg (Proteochem, Loves Park, IL).
	 2.	Stable isotopically labeled internal standard (SIS): AngI 

(DRVYIHPFHL) with isotopically labeled arginine residue 
(13C,15N) was synthesized by the University of Victoria Genome 
BC Proteomics Centre (see Note 2).

	 3.	AngI stock solution (5000 ng/mL AngI in Working Buffer B): 
contents of 10 μg vials of AngI are dissolved in a total of exactly 
2 mL of Working Buffer B to make a solution of 5000 ng/
mL. Note that the dissolution process must be performed in 
0.5 mL aliquots as the Proteochem vials are small in volume. 
Aliquot 500 μL of the 5000 ng/mL stock solution to microvi-
als with lids, seal with parafilm, and store at −70 °C.

	 4.	Angiotensin S7: Remove an aliquot of the 5000 ng/mL stock 
solution and allow it to thaw at room temperature. Label ten 
polystyrene 10× 100  mm tubes appropriately (i.e., AngI S7 
100 ng/mL, Date of Preparation). Add 1.96 mL of Working 
Buffer B to each tube. Aliquot 40 μL of the 5000 ng/mL stock 
solution to each of the ten tubes. Cap, Mix, and store at −70 °C 
until use.

	 5.	AngI SIS Solutions:

2.3  Internal 
Standards 
and Standards
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(a)	 Stock solution, 1 mg/mL: dissolve 1 mg of AngI-SIS in 
DI water. Mix well to dissolve.

(b)	 Intermediate working solution, 10  μg/mL: dilute the 
1 mg/mL Stock Solution 100-fold to a resulting concen-
tration of 10 μg/mL: add 100 μL of the 1 mg/mL stock 
solution to 9.90  mL of DI water. Mix well. Aliquot 
10× 1 mL to labeled cryovials and store at −70 °C.

(c)	 Working solution, 10 ng/mL in 10 % formic acid: Remove 
a vial of the 10 μg/mL Ang1-SIS Intermediate Working 
Solution and allow it to thaw. Mix well. Aliquot 0.5 mL 
into 500 mL of 10 % formic acid. The resulting concentra-
tion is 10 ng/mL. Store at 2–8 °C.

	 1.	Controls used are Bio-Rad Hypertension controls Levels 1, 2, 
and 3. The target mean and standard deviations are set based 
on results of 20 analyses over 10 runs. Controls are run in 
duplicate with each analytical run.

	 2.	An in-house patient pool is prepared approximately once yearly by 
pooling discarded anonymized previously analyzed patient plasma 
samples. The patient pool target value is set as per the Bio-Rad 
QC. The patient pool is run in duplicate with each analytical run.

	 3.	Calibrators are prepared in-house using the AngI stock solu-
tion in 1 % BSA in Buffer A (Working Buffer B).

	 1.	Strata-X 33u Polymeric Reversed Phase 96-Well Plate, 60 mg/
well (Phenomenex, Torrance, CA).

	 2.	Vacuum manifold or positive pressure manifold, installed in 
robotic liquid handler or manually controlled.

	 3.	2 mL 96 deep square well, V-bottom plates (Corning, Corning, 
NY).

	 4.	Silicone cap mats with PTFE barrier for square well plates 
(Microliter Analytical Supplies, Suwanee GA).

	 5.	2 mL Nunc® 96 DeepWell™ round-bottom well plates (Thermo 
Scientific, Waltham, MA).

	 6.	Nunc® cap mats for round bottom plates (Thermo Scientific, 
Waltham, MA).

	 7.	API-5000 or API-5500 QTRAP® triple quadrupole mass spec-
trometer (AB SCIEX, Concord, ON) or other mass spectrom-
eter capable of reaching the required limit of detection, 
equipped with appropriate software (e.g., Analyst®).

	 8.	Shimadzu 20 AC LC System with pumps, column oven, 
degasser, autosampler.

	 9.	Analytical column: 4u Proteo 90 Å, 50 × 2.0 mm (Phenomenex, 
Torrance, CA).

	10.	Guard column, C12, 4 × 2.0 mm (Phenomenex, Torrance, CA).

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies
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3  Methods

	 1.	AngI S7 (100 ng/mL) is thawed at room temperature.
	 2.	Prepare Working Buffer B.
	 3.	Prepare calibration standards by hand or on robotic liquid han-

dler (see Note 3). The calibration standards (see Note 4) are 
serial dilutions of S7 as follows:
(a)	 S6: 420 μL of S7 is mixed with 980 μL of Working Buffer 

B—resulting concentration is 30.00 ng/mL.
(b)	S5: 420 μL of S6 is mixed with 980 μL of Working Buffer 

B—resulting concentration is 9.000 ng/mL.
(c)	 S4: 420 μL of S5 is mixed with 980 μL of Working Buffer 

B—resulting concentration is 2.700 ng/mL.
(d)	S3: 700 μL of S4 is mixed with 700 μL of Working Buffer 

B—resulting concentration is 1.350 ng/mL.
(e)	 S2: 700 μL of S3 is mixed with 700 μL of Working Buffer 

B—resulting concentration is 0.6750 ng/mL.
(f)	 S1: 700 μL of S2 is mixed with 700 μL of Working Buffer 

B—resulting concentration is 0.3375 ng/mL.
(g)	Blank: Working Buffer B with no AngI added.

	 4.	Prepare generation buffer as described above.
	 5.	Samples and QCs are thawed in room temperature water bath 

for 5 min.
	 6.	Samples and QCs are transferred to an ice bath to complete 

thawing.
	 7.	Samples and QCs mixed and centrifuged for 5 min at 2100 × g 

at <5 °C.
	 8.	50 μL of generation buffer is added to 2 mL 96 deep square 

well plate.
	 9.	250 μL of calibrators, patient samples, and QCs are added to 

the appropriate wells of a 2 mL 96 deep square well plate.
	10.	The plate is sealed with a silicone cap mat and vortex-mixed 

briefly, then placed in 37 °C water bath for 3 h (see Note 5).
	11.	After 3 h, 300 μL of AngI SIS in 10 % formic acid is added to the 

incubation plate to stop generation of AngI. The plate is sealed 
with a new silicone cap mat and mixed briefly (see Note 6).

	12.	The AngI is extracted by solid phase extraction (SPE):
(a)	 Condition step 1: 1 mL of methanol is added to each well 

of the SPE plate and vacuum is applied for 1  min  
(see Note 7).

(b)	Condition step 2: 1 mL of 5 % formic acid is added to each 
well of the SPE plate and vacuum is applied for 1 min.

3.1  Stepwise 
Procedure

J.Grace Van Der Gugten and Daniel T. Holmes
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(c)	 600  μL of sample is added to each well and vacuum is 
applied for 1 min.

(d)	Wash 1: 1 mL of 5 % formic acid is added to each well of 
the SPE plate and vacuum is applied for 1 min.

(e)	 Wash 2: 1 mL of 20 % methanol is added to each well of 
the SPE plate.

(f)	 Apply 10 min vacuum at 100 mbar to dry the SPE plate.
(g)	Elute the AngI from the SPE plate to a 2 mL deep well 

round-bottom well plate with 250 μL of methanol. Apply 
vacuum for 2 min.

	13.	Seal the 2 mL deep well round plate with the appropriate cap 
mat and load on instrument.

	14.	Inject 20 μL of extract into the LC-MS/MS. Sample LC-MS/
MS chromatograms for AngI and IS are shown in Fig. 1.

	 1.	HPLC gradient is provided in Table 1 and Fig. 2.
	 2.	Instrument operating parameters are given in Table 2.
	 3.	Data are analyzed using Analyst® Software (AB SCIEX, 

Concord, ON).
	 4.	Standard curves are generated based on linear regression with 

1/x2 weighting of the analyte/IS peak area ratio (y) versus ana-
lyte concentration (x) using the quantifying ions indicated in 
Table 2.

	 5.	Run acceptability is based on control values falling within 2 
standard deviations of the target value. Target values and SD 
are set based on the mean of 10 runs as described in 
Subheading 2.4, item 1.

	 6.	An ion ratio limit of 15 % of the quantitation to qualifying ion 
is used to positively identify AngI peaks.

4  Notes

	 1.	Ambient or refrigeration temperatures can facilitate the non-
proteolytic activation of prorenin to renin by the unfolding of 
the pro-segment. Under normal circumstances, prorenin 
concentration is approximately tenfold higher than the con-
centration of renin but in the low renin state, which is of clini-
cal interest in PA screening, this may increase to 100-fold [11]. 
Since about 2 % of prorenin is catalytically active [4], its contri-
bution to PRA and direct renin immunoassays can be substan-
tial and effort should be made to limit prorenin activation to 
prevent spurious overestimation of PRA. Further, samples left 
at ambient temperatures may begin to spontaneously generate 
AngI leading to substrate depletion. This alters substrate avail-
ability and enzyme kinetics leading to lower results. For these 

3.2  Analysis
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reasons, we advise that specimens be immediately centrifuged, 
poured off and frozen at −20 °C or lower until analysis.

	 2.	SIS AngI is commercially available from Anaspec (Fremont, 
CA). The 13C and 15N isotopic labeling of the Anaspec prod-
ucts (DRVYIHPFHL and DRVYIHPFHL) is different and so 
multiple reaction monitoring transitions of this product will 
differ from values shown in Table 2.

Fig. 1 Representative chromatograms of the AngI quantifying multiple reaction monitoring (MRM) transition 
(433.2 → 647.5), qualifying MRM transition (433.2 → 619.3) and AngI SIS MRM transition (436.6 → 657.5). 
In the LC conditions provided the expected elution time of AngI is approximately 2.5 min

Table 1 

HPLC gradient. Optimized for Shimadzu LC20AD

Column temp 55 °C

Flow rate 0.50 mL/min

Gradient Time Mobile phase A (%)

0.00 90

0.50 90

1.50 5

3.50 5

3.60 90

6.00 90

J.Grace Van Der Gugten and Daniel T. Holmes
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Fig. 2 HPLC gradient

Table 2 

Optimized instrument settings for the AB SCIEX API-5500 QTRAP® and API-5000 triple quadrupole 
mass spectrometers in electrospray positive ion mode

Source parameters
Curtain gas: 35 μL/min
Source temperature: 650 °C
Gas 1: 35 μL/min
Gas 2: 35 μL/min
CAD gas: Medium/7*
IonSpray voltage: 4000 V
Entrance potential 10 V

Compound dependant parameters
Compound name Q1 Mass Q3 Mass Declustering 

potential (V)
Collision energy 
(V)

Cell exit 
potential

AngI—quantifier 433.2 647.5 136 25 38
AngI—qualifier 433.2 619.3 120 30 30
AngI SIS 436.6 657.5 120 25 30

Precursor ion masses (i.e., m/z ratios) correspond to the (M + 3H)3+ ion of AngI. Product ions correspond to the singly 
charged b5 and a5 ions of (1–5)AngI (DRVYI) for the quantifier and qualifier respectively. All parameters are identical 
for both instruments except where marked (asterisk), which is specific to the API-5000. Tune settings may vary between 
instruments

Quantitation of Plasma Renin Activity in Plasma Using Liquid...
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	 3.	Sample pipetting and subsequent vacuum or positive pressure 
extraction can be done manually using standard pipettes and 
stand-alone equipment. However, obtaining a robotic liquid 
handler such as a Hamilton STARlet (Hamilton Robotics Inc, 
Reno NV) represents a significant advantage when it comes to 
increasing throughput.

	 4.	Although the material we have recommended for the prepara-
tion of AngI calibrators is pre-weighed, accuracy of the AngI 
calibration must be established by comparison against a stan-
dard reference material. A non-WHO reference material for 
AngI is available from National Institute for Biological 
Standards and Control (NIBSC, Hertfordshire, England) in 
vials containing either 2 μg (86/536) or 9 μg (71/328) of 
synthetic lyophilized AngI. This material can be used to check 
the accuracy of the calibrators or to reassign them. Readers are 
encouraged to review the Clinical Laboratory Standards 
Institute (CLSI) protocols C62-A [12] for mass spectrometry 
and EP32-R [13] for metrology and traceability for guidance.

	 5.	To prepare a 96-well plate for blank (i.e., baseline AngI) sub-
traction for calculation using Eq. 1, prepare an identical plate 
as per Subheading 3.1 and incubate for 3 h on an ice-water 
bath instead of 37  °C or acidify immediately after pipetting 
with SIS/formic acid solution (Subheading 3.1, step 10) and 
analyze. In our laboratory, we have found that blank subtrac-
tion for LC-MS/MS-based PRA does not alter numerical 
result in any clinically meaningful way because the blanks AngI 
concentration is frequently below the limit of detection or very 
low relative to the AngI concentration in the generated sam-
ple. Users are encouraged to evaluate the value of blank sub-
traction in their own laboratories. In the absence of blank 
subtraction, Eq. 1 is modified to read: PRA

AngI
C=

[ ] °37

Dt
.

	 6.	Unintentional collection of specimens other than EDTA 
plasma (e.g., serum) will generally result in spuriously low or 
undetectable PRA results and will result in false positive screens 
for PA. There are numerous other analytical and preanalytical 
factors requiring careful consideration as part of a laboratory 
PA screening program [14].

	 7.	Unless otherwise stated, at each step of Subheading 3.1 step 12, 
200 mbar of vacuum is applied for 1 min. Users should ensure 
that all solvent/sample has passed through the SPE wells before 
releasing the vacuum. The SPE is performed using Phenomenex 
Strata-X 33u Polymeric Reversed Phase 96-Well Plate, 60 mg 
per well but an equivalent product may be substituted. SPE 
parameters (i.e., volumes, reagents used, vacuum pressure, and 
time) should be optimized in each laboratory. Although plate 
format is recommended, sample preparation could be easily 
modified for SPE cartridges. A positive pressure manifold can 
also be substituted for a vacuum manifold if desired.

J.Grace Van Der Gugten and Daniel T. Holmes
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    Chapter 27   

 Quantitation of S-Adenosylmethionine 
and S-Adenosylhomocysteine in Plasma Using Liquid 
Chromatography-Electrospray Tandem Mass Spectrometry       

     Erland     Arning       and     Teodoro     Bottiglieri      

  Abstract 

   We describe a simple stable isotope dilution method for accurate determination of S-adenosylmethionine 
(SAM) and S-adenosylhomocysteine (SAH) in plasma as a diagnostic test. SAM and SAH are key meta-
bolic intermediates of methionine metabolism and the methylation cycle. Determination of SAM and SAH 
in plasma was performed by high performance liquid chromatography coupled with electrospray positive 
ionization tandem mass spectrometry (HPLC-ESI-MS/MS). Calibrators (SAM and SAH) and internal 
standards ( 2 H 3 -SAM and  2 H 4 -SAH) were included in each analytical run for calibration. Sample prepara-
tion involved combining 20 μL sample with 180 μL of internal standard solution consisting of heavy iso-
tope labeled internal standards in mobile phase A and fi ltering by ultracentrifugation through a 10 kd MW 
cutoff membrane. Sample fi ltrate (3 μL) was injected by a Shimadzu Nexera LC System interfaced with a 
5500 QTRAP ®  (AB Sciex). Chromatographic separation was achieved on a 250 mm × 2.0 mm EA:faast 
column from Phenomenex. Samples were eluted at a fl ow rate of 0.20 mL/min with a binary gradient with 
a total run time of 10 min. The source operated in positive ion mode at an ion spray voltage of +5000 V. SAM 
and SAH resolved by a gradient to 100 % methanol with retention times of 6.0 and 5.7 min, respectively. 
The observed  m / z  values of the fragment ions were  m / z  399 → 250 for SAM,  m / z  385 → 136 for SAH, 
 m / z  402 → 250 for  2 H 3 -SAM,  m / z  203 → 46. The calibration curve was linear over the ranges of 12.5–
5000 nmol/L for SAM and SAH.  

  Key words      S-adenosylmethionine    ,    S-adenosylhomocysteine    ,    Methylation    ,    Mass spectrometry    

1      Introduction 

  S-adenosylmethionine   (SAM) and  S-adenosylhomocysteine   (SAH) 
are key metabolic intermediates of methionine metabolism and the 
 methylation   cycle. SAM is directly involved in the transfer of a 
methyl group (CH3) to numerous methyltransferase reactions that 
involve critical pathways required for normal cell function. These 
include methylation of DNA, RNA, phospholipids,  proteins  , and 
various amino acids and other small molecules. The by-product of 
all methyltransferase reactions is SAH which is rapidly metabolized 
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to homocysteine. SAH is a competitive inhibitor of SAM-dependent 
methyltransferase reactions. Measuring the concentration of SAM 
and SAH in tissues and biological fl uids has become important to 
determine the SAM/SAH ratio, also commonly known as the 
“methylation index.” The pivotal role that methylation plays in cell 
metabolism has led to many studies in which the SAM/SAH ratio 
has been used as a measure of methyltransferase activity [ 1 ]. 
Measuring blood SAM and SAH concentrations is also useful in 
diagnosing  inherited metabolic disorders   involved in methionine 
metabolism. Although these disorders are rare, the determination 
of SAM and SAH combined with other amino acid analysis can 
differentiate several metabolic disorders characterized by hyperme-
thioninemia [ 2 ]. SAM is also available as an over-the-counter 
dietary supplement [ 3 ]. The method described is also useful in 
determining blood levels of SAM and SAH in clinical trials follow-
ing acute or chronic oral supplementation.  

2    Materials 

   Human heparinized or EDTA  plasma   is preferred; however serum 
is acceptable—Specimen drawn any time during the day will be 
acceptable. No patient preparation is required. Specimen should 
be placed on wet ice following collection and separated by 
centrifugation within 30 min. Separated plasma should be 
transferred to a cryovial and stored at −80 °C until time of testing.  

       1.    Mobile Phase A (4 mM ammonium acetate/0.1 % formic 
acid/0.1 % heptafl uorobutyric acid in  HPLC  -grade water): In a 
hood, add 308 mg ammonium acetate, 1 mL of formic acid, and 
1 mL of heptafl uorobutyric acid to a 1 L volumetric fl ask, bring 
to volume with water, and mix. Stable at room temperature, 
18–24 °C, up to 3 months.   

   2.    Mobile Phase B (0.1 % formic acid in methanol): In a hood, 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, 
up to 3 months.      

       1.    Primary standards: SAM ((S-5′-adenosyl)- L -methionine p - 
toluenesulfonate salt) and SAH ((S-5′-adenosyl)- L -homocysteine) 
(Sigma).   

   2.    Primary internal standards (I.S.): SAM-D 3  ( 2    H  3  - S- 
adenosylmethionine  ) (CDN Isotopes) and SAH-D 4  ( 2 H 4 - S-
adenosylhomocysteine  ) (Cayman Chemical).   

   3.    SAM Standard Stock Solution (1 mM): Add 57.1 mg SAM to 
100 mL volumetric fl ask, bring to volume with 0.1 M HCl, 

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Internal 
Standards 
and Standards
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and mix. Store in 150 μL aliquots at −80 °C for up to 4 years 
( see   Note 1 ).   

   4.    SAH Standard Stock Solution (1 mM): Add 38.4 mg SAH to 
100 mL volumetric fl ask, bring to volume with 0.1 M HCl, 
and mix. Store in 150 μL aliquots at −80 °C for up to 4 years 
( see   Note 1 ).   

   5.    SAM-D 3  I.S. Stock Solution (1 mM): Add 10.9 mg SAM-D 3  
to 10 mL volumetric fl ask, bring to volume with 0.1 M HCl, 
and mix. Store in 200 μL aliquots at −80 °C for up to 4 years 
( see   Note 1 ).   

   6.    SAH-D 4  I.S. Stock Solution (1 mM): Add 38.8 mg SAH-D 4  to 
100 mL volumetric fl ask, bring to volume with 0.1 M HCl, and 
mix. Store in 200 μL aliquots at −80 °C for up to 4 years ( see  
 Note 1 ).   

   7.    I.S. Working Solution (SAM-D 3  and SAH-D 4  prepared in 
mobile phase A): SAM-D 3  requires purifi cation following prep-
aration of 1 mM stock solution ( see   Note 2 ). Once SAM-D 3  is 
purifi ed, add 25 μL of 1 mM SAH-D 3  stock solution for every 
50 mL of SAM-D 3  in mobile phase A. Store in 50 mL aliquots 
at −80 °C for up to 4 years. 50 mL of SAM-D 3  and SAH-D 3  in 
mobile phase A is stable for 3 months at 2–8 °C after thawing 
for use.      

       1.    Calibrators: SAM/SAH Working Standard Curve, dilute stock 
solutions of SAM and SAH as follows:
   (a)    Dilution A (100 μM): Add 100 μL of 1 mM SAM and 

100 μL of 1 mM SAH stock solution to 800 μL of water 
and mix well by vortex.   

  (b)    Dilution B (10 μM): Add 100 μL Dilution A to 900 μL of 
water and mix well by vortex.   

  (c)    Dilution C (1 μM): Add 100 μL Dilution B to 900 μL of 
water and mix well by vortex.   

  (d)    Working Standard Curve (25–400 nM): Add 400 μL of 
Dilution C to 600 μL of water and mix well by vortex. 
Perform four additional serial dilutions by adding 500 μL of 
previous standard to 500 μL of water. This will provide a 
calibration curve of (400, 200, 100, 50, 25 nM). Working 
standard curve may be stored in the refrigerator at 4 °C for 
up to 8 h ( see   Note 3 ).       

   2.    Control: SAM/SAH Low Control (SAM = 70–120 nM and 
SAH = 20–60 nM target value):
   (a)    Prepare 10 mL pooled  plasma  .   
  (b)    Assay pooled  plasma   to quantitate the native concentration 

of SAM and SAH.   

2.4  Calibrators 
and Controls
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  (c)    Spike or dilute pooled  plasma   with diluted stock standard 
or water to obtain a fi nal concentration of 70–120 nM 
SAM and 20–60 nM SAH. Store in 80 μL aliquots at 
−80 °C for up to 4 years ( see   Note 1 ).       

   3.    Control: SAM/SAH High Control (SAM = 200–400 nM and 
SAH = 100–200 nM target value):
   (a)    Prepare 10 mL pooled  plasma  .   
  (b)    Assay pooled  plasma   to quantitate the native concentra-

tion of SAM and SAH.   
  (c)    Spike or dilute pooled  plasma   with diluted stock standard 

or water to obtain a fi nal concentration of 200–400 nM 
SAM and 100–200 nM SAH. Store in 80 μL aliquots 
at −80 °C for up to 4 years ( see   Note 1 ).          

         1.    Shimadzu Nexera liquid chromatograph system with AB Sciex 
5500QTRAP ®  with Analyst software.   

   2.    Analytical Column: Phenomenex EA:faast, 3 μm, 250 × 2 mm.   
   3.    Guard Column: Phenomenex Security Guard, 5 μm, 4 × 3 mm.   
   4.    Microcentrifugal Filter Units: Amicon Ultra 0.5 mL, 10 kDa 

NMWL (Millipore).   
   5.    1.5 mL microcentrifuge tubes.      

       1.    SAM-D 3  Clean-up Column: Phenomenex Sphereclone-ODS(2) 
250 × 4.6 mm 5 μm.   

   2.    Shimadzu LC-10 AD  HPLC   Pump.   
   3.    ESA Model 542  HPLC   Autosampler.   
   4.    UV Detector.   
   5.    1.5 mL microcentrifuge tubes.        

3    Methods 

       1.    To labeled 1.5 mL microcentrifugal units, pipette 40 μL  plasma   
(calibrators, controls, patient plasma).   

   2.    Add 160 μL of SAM/SAH I.S. Working Solution.   
   3.    Cap and vortex mix tubes at maximum speed for 3 s.   
   4.    Centrifuge for 20 min at 14,000 ×  g .   
   5.    Transfer 150 μL fi ltrate into corresponding work list position 

in 96-well microtiter plate and cover with silicone cover.   
   6.    Place completed 96-well microtiter plate onto refrigerated 

autosampler (4 °C).   

2.5  Analytical 
Equipment 
and Supplies

2.5.1  Analytical 
Equipment

2.5.2  Clean-up 
Equipment for SAM-D 3 

3.1  Sample 
Preparation
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   7.    Inject 4 μL of sample onto  HPLC  -ESI-MS/MS. Representative 
HPLC-ESI-MS/MS ion chromatograms for SAM/SAH and 
I.S. are shown in Fig.  1  ( see   Note 4 ).

              1.    Instrumental operating parameters are given in Tables  1  and  2 .
        2.    Data are analyzed using Analyst software (AB Sciex).   
   3.    Standard curves are generated based on linear regression of the 

analyte/I.S. peak-area ratio ( y ) versus analyte concentration 
( x ) using the primary ions indicated in Table  1 .2.   

   4.    Acceptability of each run is confi rmed if the calculated control 
concentrations fall within two standard deviations of the target 
values. Inter-day precision was evaluated by repeated analysis 
of bi-level QC material analyzed in duplicate over a period of 
20 different days.   

   5.     Liquid chromatography   retention time window limits for SAM 
and SAM-D 3  are set at 6.0 (±0.2) min; SAH and SAH-D 4  
5.7 (±0.2) min.   

   6.    The assay has a lower limit of quantitation of 1 nM for both 
SAM and SAH, with precisions of <6 % over the entire range. 

3.2  Data Analysis
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  Fig. 1     HPLC  -ESI-MS/MS ion chromatogram of SAM ( m / z  399.1 > 250.1), SAH ( m / z  385.1 > 136.1), SAM-D 3  
( m / z  402.1 > 250.1) and SAH-D 4  ( m / z  389.1 > 138.1). Concentration of SAM and SAH is 95 nM and 41 nM, 
respectively       

 

Quantitation of S-Adenosylmethionine and S-Adenosylhomocysteine in Plasma…



260

    Table 1  
   HPLC  -ESI-MS/MS operating conditions   

 (a)  HPLC   (SAM and SAH) a  

 Column temp.  40 °C 

 Flow rate  0.20 mL/min 

 Gradient  Time (min)  Mobile phase A (%) 

 0  75 

 7  0 

 7.1  75 

 10  Stop 

 (b) MS/MS tune settings b  

 Entrance Potential (V)  10 

 Curtain gas (psi)  20 

 CAD gas  Medium 

 Ion spray (V)  5000 

 Temp (°C)  700 

 GS 1 (psi)  40 

 GS 2 (psi)  50 

 Resolution Q1 and Q3  Unit 

   a Optimized for Shimadzu Nexera  liquid chromatography   system equipped with 
Phenomenex EZ:faast, 3 μm, 250 × 2 mm analytical column; Mobile phase A: 4 mM 
ammonium acetate, 0.1 % formic acid and 0.1 % heptafl uorobutyric acid in water; 
Mobile phase B: 0.1 % formic acid in methanol 
  b Optimized for AB Sciex 5500QTRAP ® . Tune settings may vary slightly between 
instruments  

   Table 2  
   HPLC  -ESI-MS/MS operating conditions   

 MRM transition 

 Compound  Q1 ( m / z )  Q3 ( m / z )  Dwell time (ms)  DP (V)  CE (V)  CXP (V) 

 SAM  399.1 a   250.1 a,b   150  31  21  18 

 SAH  385.1 a   136.1 a,b   150  35  24  10 

 SAM-D 3   402.1 a   250.1 a,b   150  31  21  18 

 SAH-D 4   389.1 a   138.1 a,b   150  35  24  10 

   a Optimized  m / z  may change based on tuning parameters and instrument used 
  b Primary ions for SAM and SAH quantifi cation  

Erland Arning and Teodoro Bottiglieri
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The reference range used is based on  plasma   levels from 
healthy controls ( n  = 12); SAM = 33–95 nmol/L and 
SAH = 13–28 nmol/L. This reference range is comparable to 
other reference ranges available in the literature.  See   Note 5  for 
information regarding ion suppression studies.       

4    Notes 

     1.    Individual sets of SAM and SAH Standard Stock Solution and 
controls can be pre-aliquoted and frozen until use in each ana-
lytical run. For each set pipette 80 μL of stock standard/con-
trol solution into 1.5 mL microfuge tubes and freeze at −80 °C 
until use. Thaw completely before use. Stable for 4 years at 
−80 °C.   

   2.    SAM-D 3  from CDN isotopes contains unlabeled SAH, which 
requires purifi cation prior to use as an internal standard. A 200 μM 
SAM-D 3  is prepared from the 1 mM stock solution by combining 
200 μL of SAM-D 3  and 800 μL water. SAM-D 3  (20 μL injection) 
is resolved from SAH on a Phenomenex Sphereclone-ODS(2) 
250 × 4.6 mm 5 μm  HPLC   column (room temp) by an isocratic 
mobile phase consisting of 0.05 % formic acid in 10 % methanol 
at a fl ow rate of 1.0 mL/min. An injection is set for every 3 min 
with UV detection at 257 nm with continuous signal collection 
viewed by chromatographic software. The eluent containing 
SAM-D 3  is collected manually as it immediately exits the UV 
detector (care should be taken to only collect SAM-D 3  peak). 
SAH may be injected on its own or in combination with SAM-D 3  
to verify elution profi le. For a representative chromatogram of 
SAM-D 3  and SAH  see  Fig.  2 . The number of injections collected 
depends on the volume of internal standard being prepared. Once 
injections are complete, add enough mobile phase A to fi ll 50 mL 
conical vial and mix well. Analyze the purifi ed SAM-D 3  by the 
 LC-MS/MS   method described above to determine the amount 
of SAM-D 3  collected. Target value is a peak height of at least 
4 × 10 e4 . (This value may be dependent on the mass spectrometer 
and background for SAM-D 3  MRM) Purifi ed SAM-D 3  will 
require further dilution with mobile phase A to achieve this con-
centration. Also verify that unlabeled SAH is not present in the 
internal standard. Multiple 50 mL conical vials can be prepared 
and stored at −80 °C for up to 4 years.

       3.    A new standard curve (SAM and SAH) should be prepared 
with each analytical run to optimize method performance.   

   4.    The controls are analyzed at the beginning of analysis, every fi ve 
unknowns, and at the end of the assay as analysis verifi cation.   

   5.    Ion suppression effects were evaluated by sample infusion 
method. No signifi cant interferences or ion suppression was 
identifi ed.         

Quantitation of S-Adenosylmethionine and S-Adenosylhomocysteine in Plasma…
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  Fig. 2     HPLC  -UV chromatogram of D3-SAM. Multiple injections of 200 μM SAM-D 3  within same chromatographic run       
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    Chapter 28   

 A Simple, High-Throughput Method for Analysis 
of Ceramide, Glucosylceramide, and Ceramide Trihexoside 
in Dried Blood Spots by LC/MS/MS       

     Wei-Lien     Chuang    ,     Joshua     Pacheco    , and     Kate     Zhang      

  Abstract 

   A unique monophasic extraction system coupled with LC/MS/MS to reduce matrix effects for sphingo-
lipid analysis was developed. A solvent mixture of methanol, acetonitrile, and water was identifi ed to 
simultaneously extract multiple sphingolipids with broad polarity range. To reduce matrix effects, the 
targeted sphingolipids were analyzed by liquid chromatography-tandem mass spectrometry (LC/MS/
MS). The extraction solvent was used as an isocratic mobile phase in chromatographic separation to elimi-
nate solvent exchange steps and enable high-throughput multiple lipid assay. The assay is linear for ceramide 
from 0.6 to 9 μg/mL with bias <15 %. The intra-assay coeffi cient of variation is less than 10 % for concen-
trations from 1.2 to 9 μg/mL, and less than 25 % for concentrations below 1.2 μg/mL. For glucosylce-
ramide and ceramide trihexoside the linear range is 0.05–3 μg/mL with biases <10 % and <20 %, 
respectively. The intra-assay coeffi cient of variation for these analytes is less than 10 % at concentrations 
from 0.4 to 3 μg/mL, and less than 25 % for concentrations below 0.4 μg/mL.  

  Key words      Sphingolipids    ,    Dried blood spot    ,    Monophasic lipid extraction    ,   Quantitation  ,    Liquid chro-
matography    ,    Mass spectrometry    

1      Introduction 

  Sphingolipids   (SPLs) are a complex class of molecules that are found 
in essentially all animals, plants, and fungi and some prokaryotic 
organisms and viruses [ 1 ]. Remarkably, SPLs account for over 30 % 
of the total lipid in the  plasma   membrane [ 1 ,  2 ]. In addition, SPLs 
are commonly believed to protect the cell surface against harmful 
environmental factors by forming a mechanically stable and chemi-
cally resistant outer leafl et of the  plasma   membrane lipid bilayer. 
Certain complex glycosphingolipids have been found to be involved 
in specifi c functions, such as cell recognition and signaling [ 3 – 6 ]. 
Recently, relatively simple  sphingolipid   metabolites, such as ceramide 
(Cer) and sphingosine-1-phosphate, have been shown to be impor-
tant mediators in the signaling cascades involved in apoptosis, 
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proliferation, and stress responses [ 7 ]. These discoveries raised the 
interest in understanding the  sphingolipid   (SPL) metabolic pathway 
and the exact lipid compositions of distinct subcellular membrane 
systems. It is known that Cer, glucosylceramide (GL-1, GluCer), 
ceramide trihexoside (CTH, GL-3, or GB3), gangliosides (GM1, 
GM2, and GM3), and galactosylceramide (GalCer) are involved in 
the  sphingolipid   metabolic pathway, and abnormal metabolism is 
associated with lysosomal storage diseases (LSDs) such as Gaucher, 
Fabry, Tay-Sachs, and Krabbe [ 8 ]. Simultaneous monitoring of mul-
tiple lipids may be helpful in understanding the disease mechanism. 

 Advances in mass spectrometric  technology   have provided great 
specifi city and sensitivity in the characterization and quantifi cation 
of SPLs in lipid extracts compared to conventional analytical tech-
nologies, such as high performance  liquid chromatography  , thin-
layer chromatography, and  gas chromatography   [ 9 ]. A variety of 
sample preparation procedures, ionization models, and instrument 
designs have been developed to analyze SPLs by MS technology 
[ 10 – 12 ]. Among them, the extraction process is considered as one 
of the most critical steps in sample preparation for lipid analysis. 
Although the gold standard chloroform-methanol biphasic lipid 
extraction, known as the Bligh & Dyer method, proves to be a 
robust and sensitive procedure, the process is tedious and time con-
suming [ 13 ]. Recently, two monophasic extraction methods have 
been reported to address these issues. The fi rst utilizes a chloro-
form/methanol/water solvent mixture and direct infusion nano-
ESI-high resolution/accurate MS for the lipidome analysis in rat 
retinal samples [ 14 ]. The second utilizes an isopropanol/water/
ethyl acetate mixture to simultaneously extract several classes of 
SPLs and is followed by quantitative LC/MS/MS analysis [ 15 ]. 
Compared to the Bligh & Dyer biphasic lipid extraction method, 
both monophasic strategies increase assay throughput and mini-
mize the assay variance due to lipid loss in the biphasic interface. 
However, ion suppression effects caused by abundant co-extracted 
phospholipids need to be carefully evaluated and reduced. 

 The aim of the present study was to develop a simple, sensitive 
and chloroform-free LC/MS/MS technique for multiple SPL pro-
fi ling and quantitation using human  dried blood spot  s. We identi-
fi ed a  monophasic lipid extraction   mixture containing methanol/
acetonitrile/water (80/15/5 %). This optimum ratio of solvents 
makes it possible to extract all targeted SPLs with a wide hydro-
phobicity range including Cer, GL-1, GL-3, GM1, GM2, and 
GM3. Chromatographic separation was utilized to minimize ion 
suppression effects due to interference from unwanted lipids and 
biomolecules [ 16 ] (Fig.  1 ). The strategic use of the extraction sol-
vent as the mobile phase eliminated the need for a solvent exchange 
step before sample injection. This newly established method has 
demonstrated comparable precision and accuracy to traditional 
 sphingolipid   assays and can also be used to monitor lipid profi le in 
research and clinical applications.

Wei-Lien Chuang et al.
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2       Materials and Equipment 

   Venous blood is drawn into Vacutainer ®  tubes containing EDTA 
(Becton, Dickinson and Company, Franklin Lakes, NJ), shipped 
on cold packs overnight, and held at 4 °C upon arrival. The blood 
samples are usually spotted within 24 h of collection.  

        1.    Acetonitrile, Chloroform, Methanol, and Water are purchased 
from Burdick & Jackson (Morristown, NJ).   

   2.    Trifl uoroacetic acid is purchased from EMD Millipore 
(Billerica, MA).   

   3.    Dimethyl sulfoxide is purchased from Sigma (St. Louis, MO).   
   4.    Sample extraction solution (methanol/acetonitrile/water, 

80/15/5 %, v/v/v): To make 1 L of solution, combine 
800 mL methanol, 150 mL acetonitrile, 50 mL water in a 1 L 
glass bottle. Mix on a stir plate for 30 min prior to use.   

   5.     HPLC   mobile phase (methanol/acetonitrile/water 
(80/15/5 %) with 0.5 % trifl uoroacetic acid): Combine 
800 mL methanol, 150 mL acetonitrile, 50 mL water, and 
5 mL trifl uoroacetic acid in a 1 L glass bottle. Mix on a stir 
plate for 30 min prior to use.   

   6.    2:1 Chloroform/methanol: Combine 600 mL chloroform and 
300 mL methanol in a 1 L glass bottle. Mix on a stir plate for 
30 min prior to use.      

       1.    Glucocerebrosides (#1521), N-Octadecanoyl-D35-psychosine 
(#1914), Ceramide trihexosides (#1067), N-Heptadecanoyl 
ceramide trihexoside (#1523), and Ceramides (#1056) are 
purchased from Matreya, LLC (Pleasant Gap, PA).   

   2.    C17-Ceramide (#860517) is purchased from Avanti Polar 
Lipids (Alabaster, AL).      

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Standards 
and Internal Standards

  Fig. 1    Typical elution profi le for  sphingolipids   analysis by LC/MS/MS       
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       1.    Whatman 903  protein   saver cards and MiniPax ®  absorbent 
packets are purchased from Sigma-Aldrich (St. Louis, MO).   

   2.    Rocking platform shaker and Multi-Tube Vortexer are pur-
chased from VWR (Radnor, PA).   

   3.    Hot pocket column heater is purchased from Thermo Scientifi c 
(Waltham, MA).   

   4.    Ultra silica column (#9100552) is purchased from Restek 
(Bellefonte, PA).   

   5.    API5000 mass  spectrometer   is from AB SCIEX (Framingham, 
MA).   

   6.    HTC-PAL autosampler is from Leap Technologies (Carrboro, 
NC).   

   7.    1200 series binary pump and automated degasser are from 
Agilent (Santa Clara, CA).      

       1.    Individual standard stock solution preparation:
   (a)    Standard stock solutions A (1 mg/mL): Weight 5 mg each 

standard into individual vials and dissolve each in 5 mL 2:1 
chloroform/methanol solution. Vortex solutions for 5 min, 
sonicate for 10 min and then vortex an additional 5 min.   

  (b)    Standard stock solutions B (10 μg/mL): 100 μL of stock 
solution A is diluted in 9.9 mL 2:1 chloroform/methanol 
solution. Vortex solutions for 5 min       

   2.    Standard mixture solution preparation (2.4 μg/mL Cer, 
0.8 μg/mL GL-1, 0.8 μg/mL GL-3): From the Stock B solu-
tions for each standard, 2.4 mL of Cer, 800 μL of GL-3, and 
800 μL GL-1 are mixed in a vial and dried under nitrogen. The 
dried vial is then reconstituted in 10 mL of 2:1 chloroform/
methanol. Vortex solution for 5 min, sonicate for 10 min, and 
then vortex an additional 5 min.      

       1.    Individual internal standard stock solution preparation:
   (a)    Internal standard stock solutions A (1 mg/mL): Weight 

5 mg each internal standard into individual vials and dis-
solve each in 5 mL 2:1 chloroform/methanol solution. 
Vortex solutions for 5 min, sonicate for 10 min, and then 
vortex an additional 5 min.   

  (b)    Internal standard stock solutions B (10 μg/mL): 100 μL of 
internal standard stock solution A is diluted in 9.9 mL 2:1 
chloroform/methanol solution. Vortex solutions for 5 min.       

   2.    Internal standard mixture solution preparation (3.75 μg/mL 
C17-Cer, 1.25 μg/mL N-Octadecanoyl-D35-psychosine, 
1.25 μg/mL N-Heptadecanoyl ceramide trihexoside):     

 From the Stock B solutions for each internal standard, 3.75 mL 
of C17-Cer, 1.25 mL of N-Octadecanoyl-D35-psychosine, and 

2.4  Analytical 
Equipment 
and Supplies

2.5  Standard 
Solutions Preparation

2.6  Internal 
Standards Solutions 
Preparation
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1.25 mL of N-Heptadecanoyl ceramide trihexoside are mixed in a 
vial and dried under nitrogen. The dried vial is then reconstituted 
in 10 mL of 2:1 chloroform/methanol. Vortex solution for 5 min, 
sonicate for 10 min, and then vortex an additional 5 min.  

   Using standard mixture solution and internal standard mixture 
solution, pipette the volume shown (Table  1 ) into 1 mL total 
recovery vials to create calibrators 1–10. Dry calibrators under 
nitrogen and store at −20 °C. Reconstitute each calibrator in 
200 μL pooled DBS extract (preparation shown below). Vortex 
the calibrator vials for 5 min, sonicate for 10 min, and vortex an 
additional 5 min.

          1.    Using the standard stock solutions B and internal standard 
working solution mixture, pipette the volume (Table  2 ) into 
4 mL glass vials to create low, medium, and high controls. Dry 
controls under nitrogen. Reconstitute each control in 4 mL 
pooled DBS extract (preparation shown below). Vortex the cali-
brator vials for 5 min, sonicate for 10 min, and vortex an addi-
tional 5 min. It’s important to point out that actual QC level 
should be the combination of spiked and endogenous lipid.

       2.    200 μL aliquots of each control are pipetted in total recovery 
vials, dried under N 2 , and stored at −20 °C.   

   3.    On the day of analysis, reconstitute an aliquot of each control 
in 200 μL of sample extraction solution. Vortex 5 min, soni-
cate 10 min, and vortex an additional 5 min.       

2.7  Preparation 
of Calibrators

2.8  Preparation 
of Control Samples

   Table 1 
  Preparation of calibration standards   

 Calibration 
standards 

 Theoretical Cer/GL-1/GL-3 
(ng/mL) 

 Standard mixture 
solution (μL) 

 Internal standard mixture 
solution (μL) 

 1  0  0  40 

 2  150/50/50  12.5  40 

 3  300/100/100  25  40 

 4  600/200/200  50  40 

 5  1200/400/400  100  40 

 6  2400/800/800  200  40 

 7  3600/1200/1200  300  40 

 8  4800/1600/1600  400  40 

 9  6000/2000/2000  500  40 

 10  9000/3000/3000  750  40 
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3    Methods and Procedures 

   Bring blood samples to room temperature for 10 min. Place on 
rocking platform shaker and gentle mix for 1 min prior to spotting 
(excessive rocking can lyse blood cells in the sample). Fold back the 
outer fl ap of Whatman 903  Protein   Saver Cards so that the blood 
will soak only the inner fi lter paper. Spot 75 μL of blood in each 
printed circle with a single application of blood (do not layer 
blood). Allow to dry at room temperature at least 4 h. Place the 
cards inside a bag with absorbent packets and store at −20 °C.  

       1.    Punch a 3 mm (1/8 in.) disc from a 75 μL DBS and place into 
a microcentrifuge tube.   

   2.    Pipet 200 μL of the sample extraction solution (methanol/
acetonitrile/water, 80/15/5 %, v/v/v,  see  Subheading  2.2 , 
 item 4 ) into each tube.   

   3.    Cap and vortex the tubes for 30 min in multi-tube vortexer.   
   4.    Sonicate the tubes in a bath sonicator at room temperature for 

10 min.   
   5.    Centrifuge the tubes for 5 min at 16,200 ×  g  in a 

microcentrifuge.   
   6.    Transfer the supernatant to an autosampler vial.      

       1.     HPLC   operating parameters:
   (a)    Isocratic separation is done using an ultra silica column 

(5 μm, 100 Å, 50 × 2.1 mm) for a 5 min run at a fl ow rate 
of 150 μL/min. The mobile phase is methanol/acetoni-
trile/water (80/15/5 %) with 0.5 % trifl uoroacetic acid 
( see   Note 1 ).   

3.1  DBS Preparation

3.2  DBS Extract 
Preparation

3.3  LC/MS/MS 
Analysis

   Table 2  

  Preparation of controls   

 Control 
 Spiked Cer/GL-1/GL-3 
(ng/mL) 

 Cer stock 
solution B 
(μL) 

 GL-1 stock 
solution B 
(μL) 

 GL-3 stock 
solution B 
(μL) 

 Internal standard 
mixture solution (μL) 

 Endogenous 
level 

 0/0/0  0  0  0  800 

 Low  240/80/80  96  32  32  800 

 Medium  1200/400/400  480  160  160  800 

 High  4800/1600/1600  1920  640  640  800 
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  (b)    The column is held at 60 °C during the run.   
  (c)    There is a three injection sequence to analyze each 

sample.
 ●    The fi rst injection is 10 μL of extracted sample.  
 ●   Second, inject 30 μL dimethyl sulfoxide to clear any 

remaining phospholipids from the column.  
 ●   Finally, a 30 μL injection of mobile phase re-equilibrates 

the system prior to injection of the next sample.       
      2.    Mass  spectrometer   operating parameters are given in Tables  3 , 

 4 , and  5  ( see   Notes 2  and  3 ).
         3.    Data analysis

   (a)    Samples are analyzed using Analyst Software version 1.5.   
  (b)    Peak integrations are performed on the TIC for each ana-

lyte, in the retention window from 0.7 to 1.4 min.   
  (c)    Standard curves are based on linear regression (1/ x  

weighted) of the analyte/IS peak area ratio ( y ) versus ana-
lyte concentration with typical correlation coeffi cients for 
the standard curve of  R  2  > 0.99.   

  (d)    Sample concentrations are determined by interpolation of 
the peak area ratio from the calibration curve slope. This 
value is then multiplied by the assay dilution factor 62.5 
(shown below) to determine the concentration of analyte 
in whole blood.        

  

Dilution factor sample extraction solution volume …L

amoun

= ( )200 /

tt of blood in mm punch …L3 3 2 62 5. . .( ) =    

   Table 3 
  Source parameters in  mass spectrometry   analysis   

 Global source settings 

 Collision gas (CAD)  8 

 Curtain gas (CUR)  30 psi 

 Nebulizer gas (GSI)  40 psi 

 Auxiliary gas (GS2)  40 psi 

 Ion spray voltage (IS)  5300 V 

 Temperature (TEM)  300 °C 

 Interface heater (ihe)  On 
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4       Notes 

     1.    The current simple chromatographic method does not sepa-
rate stereoisomers such as GL-1 and GalCer. Extra separation 
is recommended.   

   2.    The current LC method only prevents major matrix effects by 
phospholipids and SPM interference, but not by in-source 
fragmentation between  sphingolipids   eluted at similar reten-
tion times due to their structural similarities. Declustering 
potential (DP) optimization should consider maximizing sen-
sitivity and minimizing in-source fragmentation during the 
tuning process. For example, GL-1 could signifi cantly contrib-
ute to Cer level when the DP for Cer was set for maximum 
sensitivity. Such interference should be evaluated quantitatively 
for samples used in the studies.   

   3.    Potential interference from matrix crosstalk could occur for 
compounds with similar MRM transitions. For example, the 
MRM transition of C24:0-OH GL-3 (1152.9/264.2) could 
not be completely distinguished from the C16:0 GM3 
 transition (1153.7/264.3) due to instrument resolution limi-
tations. A two-dimensional chromatographic separation, a 
more specifi c MRM transition, or high resolution  MS   could 
address the issues.         

   Table 4  

  Internal standard MRM parameters in  mass spectrometry   analysis   

 C17-Ceramide 

 Q1 Mass (Da)  Q3 Mass (Da)  DP (V)  EP (V)  CE (V)  CXP (V) 

 534.2  264.4  84  15  30  15 

 N-Octadecanoyl-D35-psychosine 

 Q1 Mass (Da)  Q3 Mass (Da)  DP (V)  EP (V)  CE (V)  CXP (V) 

 763.9  583.7  90  10  28  9 

 N-Heptadecanoyl ceramide trihexoside 

 Q1 Mass (Da)  Q3 Mass (Da)  DP (V)  EP (V)  CE (V)  CXP (V) 

 1038.9  264.3  120  10  72  22 
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  Analyte MRM parameters in  mass spectrometry   analysis   

 Ceramides 
 Q1 Mass (Da)  Q3 Mass (Da)  DP (V)  EP (V)  CE (V)  CXP (V) 
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 Q1 Mass (Da)  Q3 Mass (Da)  DP (V)  EP (V)  CE (V)  CXP (V) 
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 1134.9  264.3  120  10  72  22 
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 1152.9  264.3  120  10  72  22 
 1164.9  264.3  120  10  72  22 
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    Chapter 29   

 Quantifi cation of Dehydroepiandrosterone, 
11-Deoxycortisol, 17-Hydroxyprogesterone, 
and Testosterone by Liquid Chromatography-
Tandem Mass Spectrometry (LC/MS/MS)       

     Ada     Munar    ,     Clint     Frazee    , and     Uttam     Garg       

  Abstract 

   Congenital adrenal hyperplasia (CAH) is a group of autosomal recessive disorders due to enzymatic defects 
in the biosynthetic pathway of cortisol and/or aldosterone. The analysis of cortisol, 17- hydroxyprogesterone 
(OHPG), dehydroepiandrosterone (DHEA), 11-deoxycortisol, and testosterone is generally performed in 
the diagnosis and/or follow-up of CAH. Cortisol is generally analyzed by immunoassays whereas other 
hormones are preferably assayed by liquid chromatography-tandem mass spectrometry (LC/MS/MS). A 
multiple reaction monitoring, positive mode atmospheric pressure chemical ionization, LC/MS/MS 
method is described for the simultaneous quantifi cation of 17-hydroxyprogesterone, DHEA, 
11- deoxycortisol, and testosterone. Stable-isotope labeled internal standards are added to serum samples 
and steroids are extracted by liquid-liquid extraction using methyl tert-butyl ether. The extract is evapo-
rated under stream of nitrogen and the residue is reconstituted in methanol and analyzed by LC/MS/MS.  

  Key words      Dehydroepiandrosterone    ,    11-Deoxycortisol    ,    17-Hydroxyprogesterone   and  testosterone    , 
   Tandem mass spectrometry   (LC/MS/MS)  

1      Introduction 

 Congenital adrenal hyperplasia (CAH) is a family of autosomal 
recessive disorders involving defect in  cortisol   synthesis in the adre-
nal cortex. This results in hyperplasia of the adrenal glands due to 
hypersecretion of corticotropin-releasing hormone (CRH) and 
adrenocorticotropic hormone (ACTH). More than 90 % of CAH 
cases are due to defi ciency of 21-hydroxylase that results in block-
age of  cortisol   production and excessive androgen production. 
Depending on the severity of 21-hydroxylase defi ciency, there is 
variable degrees of glucocorticoid and  mineralocorticoid   defi -
ciency, and excess of sex steroids. This results in salt-wasting crises 
in the newborns and may result in incorrect gender assignment of 
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virilized females [ 1 ,  2 ].  Newborn screening   for CAH is performed 
to initiate early treatment that includes glucocorticoid and  miner-
alocorticoid   replacement therapy [ 3 ,  4 ]. 

 Various steroid hormones are measured in the diagnosis and 
follow-up of CAH. Immunoassays are available for most CAH- 
related steroids; however, they suffer from cross-reactivity [ 5 ,  6 ]. 
GC-MS methods are also available for steroid analysis but are cum-
bersome because they involve extraction and  derivatization   steps 
[ 6 – 9 ]. In recent years, LC/MS/MS has become a preferred method 
for steroid analysis [ 6 ,  10 – 12 ]. Here we describe LC/MS/MS 
method for simultaneous measurement of  17- hydroxyprogesterone    , 
DHEA, 11- deoxycortisol  , and  testosterone  .  

2    Materials 

   Serum from plain red or red gel is an acceptable sample. Store 
serum in freezer (<−20 °C) until analysis.  

       1.     tert -Butyl methyl ether,  HPLC   grade.   
   2.    Mobile phase A: water,  HPLC   grade.   
   3.    Mobile phase B: methanol,  HPLC   grade.   
   4.    Serum (Golden West Biologicals, CA) ( see   Note 1 ).      

       1.    1 mg/mL stock standards:  17- Hydroxyprogesterone  , 
11- Deoxycortisol  ,  Dehydroepiandrosterone  , and  Testosterone   
(Cerilliant, Round Rock TX).   

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

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

   4.    0.1 μg/mL tertiary standards: Prepared by transferring 1 mL 
of secondary standards to a 10 mL volumetric fl ask and dilut-
ing with methanol. Stable for 1 year at −20 °C.   

   5.    100 μg/mL primary internal standards: 17- Hydroxy-
progesterone- D   8  , 11-Deoxycortisol- D   5  ,  Dehydroepiandro-
sterone  - D   5       , and  Testosterone  - D   3   (Cerilliant, Round Rock TX).   

   6.    10 μg/mL secondary internal standards: Prepared by transfer-
ring 1.0 mL of each primary internal standard to a 10 mL volu-
metric fl ask and diluting with methanol. Stable for 1 year at 
−20 °C.   

2.1  Samples

2.2  Solvents 
and Reagents

2.3  Internal 
Standards 
and Standards
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   7.    100 ng/mL tertiary internal standards: Prepared by transfer-
ring 100 μL of secondary internal standard to a 10 mL volu-
metric fl ask and diluting with methanol. Stable for 1 year at 
−20 °C.   

   8.    10 ng/mL working internal standards: Prepared by transfer-
ring 1 mL of tertiary internal standard to a 10 mL volumetric 
fl ask and diluting with methanol. Stable for 1 year at −20 °C.      

       1.    Calibrators: Prepare calibrators 1–7 according to Table  1 .
       2.    Quality Controls: Prepare controls 1–3 according to Table  2  

( see   Note 2 ).
       3.    Add appropriate amount of standards to 10 mL volumetric 

fl ask and qs to 10 mL with ultra-low steroids serum.      

       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.    Disposable culture tubes 13 × 100 mm.   
   5.    Disposable culture tubes 10 × 75 mm.   
   6.    Analytical column: Kinetex C18, 100 × 3 mm, 2.6 μm, 100 A 

(Phenomenex).   
   7.    Guard column: Pinnacle, C18, 10 mm × 4 mm × 5 μm (Restek, 

Bellefonte, PA).       

2.4  Calibrators 
and Controls

2.5  Analytical 
Equipment 
and Supplies

   Table 1  
  Preparation of calibrators using ultra-low steroids serum   

 Calibrator 
 Tertiary combo 
standards (μL) 

 Secondary combo 
standards (μL) 

 Serum 
volume 

 Final conc. 
(ng/dL) 

 Blank  10 mL 

 1  10 μL  qs to 10 mL  10 

 2  20 μL  qs to 10 mL  20 

 3  50 μL  qs to 10 mL  50 

 4  20  qs to 10 mL  200 

 5  100  qs to 10 mL  1000 

 6  200  qs to 10 mL  2000 

 7 ( Testosterone   
only) 

 5 

  Note: prepare calibrator 7 (5 ng/dL) by diluting calibrator 1 using blank serum to 1:2  

Quantitation of steriods by mass  spectrometry
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3    Methods 

       1.    Pipette 300 μL of each calibrator, control, and sample to the 
appropriately labeled 10 × 75 mm glass tubes.   

   2.    Add 50 μL working internal standard to each tube.   
   3.    Add 1.5 mL methyl tert-Butyl Ether (MTBE). Vortex and 

rock the tubes for 15 min.   
   4.    Centrifuge the tubes for 2000 ×  g  for 10 min.   
   5.    Transfer the upper organic layer to a 13 × 100 mm.   
   6.    Evaporate the extract to dryness under stream of nitrogen at 

45 °C.   
   7.    Reconstitute with 100 μL of methanol and vortex briefl y.   
   8.    Transfer reconstituted samples to the autosampler vials and 

inject 20 μL into LC/MS/MS for analysis.      

   Instrument’s operating conditions are given on 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.    A typical calibration curve has a correlation ( r  2 ) > 0.99.   
   4.    Compound-specifi c parameters for each analytes are given in 

Table  4 .
       5.    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.   

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

   7.    A typical ion chromatogram for various steroids is shown in 
Fig.  1 .

3.1  Stepwise 
Procedure

3.2  Instrument 
Operating Conditions

3.3  Data Analysis

   Table 2  
  Preparation of quality controls using ultra-low steroids serum   

 QC 
 Tertiary combo 
standards (μL) 

 Secondary combo 
standards (μL)  Serum volume 

 Final conc. 
(ng/dL) 

 1  50 μL  qs to 10 mL    50 

 2  100 μL  qs to 10 mL  1000 

 3  160 μL  qs to 10 mL  1600 
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   Table 3  
  Instruments operating conditions   

 (a)  HPLC   

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

 0.1  90  10 

 2  90  10 

 3  60  40 

 13   5  95 

 15  90  10 

 Column temperature—
50 °C. Flow rate—
0.55 mL/min 

 (b) MS/MS parameters 

 Curtain gas  25 psi 

 Source temperature  500 °C 

 Collision gas (CAD)  High 

 Ion source gas 1 (GS1)  50 psi 

   Table 4  
  Compound-specifi c parameters   

 Analyte 
 Q1 mass 
(amu) 

 Q3 mass 
(amu)  Qualifi er ion 

 Declustering 
potential (DP) 

 Collision 
energy (CE) 

 Cell exit 
potential (CXP) 

 17-OHP  331.3  97.1  109.2  80  38  17 

 17-OHP  D   8    339.2  100.0  80  40  17 

 DHEA  271.2  213.1  253.2  56  32  10 

 DHEA- D   5    276.2  258.3  61  21  16 

  11-Deoxycortisol    347.1  97.0  109.2  71  37   6 

 11-Deoxycortisol  D   5    352.2  100.0  66  41   6 

  Testosterone    288.9  97.1  109.1  36  35  16 

 Testosterone-    D   3    292.4  97.1  61  35  16 

4            Notes 

     1.    Validate serum before use for calibrators and quality controls 
to ensure the absence of each analyte.   

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

Quantitation of steriods by mass  spectrometry
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  Fig. 1    Ion chromatogram for various steroids       
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    Chapter 30   

 Urinary Succinylacetone Analysis by Gas 
Chromatography- Mass Spectrometry (GC-MS)       

     Hongjie     Chen     and     Chunli     Yu       

  Abstract 

   Succinylacetone (SA) is used for the diagnosis and monitoring of patients with tyrosinemia type I (Tyr I). 
SA is exclusively elevated in blood and urine of patients with Tyr I. As urinary SA concentration is much 
higher than blood, SA is usually tested in urine samples. Urinary SA quantitation by gas chromatography 
mass spectrometry (GC-MS) is described in this chapter. The urine sample in the amount of 1 μmol creati-
nine is used for testing. 3,4,5,6,7- 13 C5-succinylacetone ( 13 C5-SA) is used as an internal standard (IS). SA 
and  13 C5-SA are oximated and extracted from urine with organic solvents, and then derivatized to form 
trimethylsilane (TMS) derivatives. TMS derivatives of SA and  13 C5-SA are detected and quantifi ed by 
GC-MS using selective ion monitoring (SIM). The assay is linear from 0.05 to 450 mmol/mol creatinine 
to cover the broad range of urinary SA concentrations.  

  Key words      Succinylacetone    ,    Tyrosinemia I    ,    Gas chromatography    ,    Mass spectrometry    

1      Introduction 

 Tyrosinemia type I (Tyr I)   , also called hepatorenal tyrosinemia, is 
the most severe form of tyrosinemia (OMIM 276700) caused by a 
defi ciency of fumarylacetoacetate hydrolase (FAH; EC 3.7.1.2), 
the enzyme catalyzing the conversion of fumarylacetoacetate 
(FAA) into fumarate and acetoacetate in the last step of  tyrosine   
degradation pathway [ 1 ,  2 ]. Liver, renal tubules and peripheral 
nerves are primarily affected in Tyr I with variable clinical manifes-
tations including acute liver failure, liver dysfunction, cirrhosis, 
hepatocellular carcinoma, renal Fanconi syndrome, and porphyria- 
like neurologic crises [ 1 ,  2 ]. The biochemical features of elevated 
 tyrosine   and elevated urinary excretions of  tyrosine   metabolites 
4-hydroxyphenyllactate, 4-hydroxyphenylpyruvate and 
4- hydroxyphenylacetate are similar to other tyrosinemias. However, 
the accumulations of intermediary metabolites prior to the block 
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are unique for this metabolic disorder. These metabolites include 
FAA, maleylacetoacetate (MAA), succinylacetoacetate (SAA) con-
densed from FAA and MAA, and  succinylacetone   (SA) spontane-
ously decarboxylated from SAA. All of these metabolites are highly 
toxic that lead to the symptoms of Tyr I [ 3 ]. Only SA is detected 
and exclusively elevated in blood and urine of patients with Tyr I; 
therefore it is clinically used as a diagnostic marker for this disease 
[ 3 ]. SA is also used as a surrogate marker for monitoring the effi -
cacy of the NTBC therapy [ 4 ]. The elevation of δ-aminolevulinic 
acid (ALA) is the other unique biochemical feature for Tyr I result-
ing from the inhibitory effect of ALA dehydratase by SA [ 5 ]. 

 SA is commonly tested in the urine specimen in the clinical 
laboratories as the urinary concentration is much higher than blood. 
In  newborn screening   (NBS) laboratories, SA is routinely analyzed 
from  dried blood spot   (DBS) specimen for screening Tyr I. 

 SA or 4, 6-dioxohepatanoic acid can be analyzed by either gas 
chromatography-mass spectrometry (GC-MS) methods [ 6 – 8 ] or 
liquid chromatography-tandem mass spectrometry ( LC-MS/MS  ) 
methods [ 9 – 11 ]. The two keto groups in SA structure make it dif-
fi cult to measure directly by any analytical method. Several  LC- 
MS/MS   methods have been reported involving various 
 derivatizations   of keto group (s) to hydrozone, butyl esters or 
hydrazides followed by  mass spectrometry   measurement [ 9 – 11 ]. 
The analytical sensitivity has been greatly improved so that even 
the SA in DBS extract can be accurately measured [ 9 ,  11 ]. GC/
MS methods have been used to analyze SA in clinical laboratories 
for decades. SA in the sample is treated with hydroxylamine to 
form 3(5)-methyl-5(3)-isoxazole propionate and extracted using 
liquid-liquid extraction with organic solvents and derivatized with 
trimethylsilane ( TMS  ) or other derivative agents prior to GC/MS 
analysis [ 6 – 8 ]. GC-MS methods are still valid, sensitive, and accu-
rate for urinary SA quantitation. 

 In this chapter, the protocol of urinary SA analysis by GC-MS 
is described in detail. Urine sample containing 1 μmol creatinine is 
used for the analysis. 3,4,5,6,7- 13 C5- succinylacetone   is added to 
each sample as internal standard (IS). After oximation reaction 
with hydroxylamine hydrochloride, SA is extracted from the sam-
ple using ethyl acetate/ethyl ether mixture (1:1 v/v), and deriva-
tized with BSTFA plus 1 % TMCS at 80 °C. The  TMS   derivative 
of 3(5)-methyl-5(3)-isoxazole propionate  isomers   are separated 
and shown as doublet peaks in GC-MS chromatogram [ 6 ]. 
Chromatographic retention time and mass spectra under selective 
ion monitoring (SIM) mode are used for the identifi cation and 
quantitation of SA.  
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2    Materials 

   Random urine collection without addition of preservatives 
( see   Note 1 ). Samples are stable for 3 months at −20 °C. Positive 
samples need to be kept at −80 °C for long-term storage.  

       1.    5 % Hydroxylamine hydrochloride: Dissolve 25 g hydroxyl-
amine hydrochloride in 500 mL of deionized water. Store at 
room temperature, protected from light for up to 1 year.   

   2.    5  N  Sodium hydroxide (NaOH): Mix 100 mL of 10  N  NaOH 
with 100 mL of deionized water. Store at room temperature 
for up to 1 year.   

   3.    5  N  Hydrochloride (HCl) saturated with sodium chloride 
(NaCl): Mix 150 mL of 12  N  HCl with 210 mL deionized 
water and 24 g NaCl. If you cannot see salt crystals at the bot-
tom of the reagent container, add additional NaCl until no 
more will dissolve. Store at room temperature for up to 1 year.   

   4.    Ethyl acetate/ethyl ether extraction mixture (1:1 v/v): Mix 
450 mL of ethyl acetate and 450 mL of ethyl ether. Store at 
room temperature, protected from light for up to 1 month.      

       1.    5 mM SA stock solution for calibration: Dissolve 7.9 mg SA in 
10 mL deionized water. Store at −80 °C indefi nitely.   

   2.    500 μM SA working solution for calibration: Dilute 0.2 mL of 
5 mM SA stock solution with 2.0 mL of deionized water. 
Prepare fresh and discard after calibration.   

   3.    Prepare calibrators according to Table  1 .

              1.    2.5 mM 3,4,5,6,7- 13 C5-succinylacetone ( 13 C5-SA) internal 
standard stock solution: Dissolve 10 mg  13 C5-SA in 24.4 mL 
deionized water. Store at −80 °C indefi nitely.   

2.1  Samples

2.2  Reagents 
and Buffer

2.3  Standards 
and Calibrators

2.4  Internal 
Standards

   Table 1  

  Preparation of calibrators   

 500 μM  succinylacetone   (μL)  Water (μL)   Succinylacetone   (nmol) 

 Cal 1  0  1500    0 

 Cal 2  25  1475   12.5 

 Cal 3  50  1450   25 

 Cal 4  75  1425   37.5 

 Cal 5  100  1400   50 

 Cal 6  200  1300  100 

Urinary Succinylacetone Quantifi cation by GC-MS
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   2.    250 μM 3,4,5,6,7- 13 C5-succinylacetone ( 13 C5-SA) internal 
standard working solution: Dilute 5 mL of 2.5 mM  13 C5-SA 
stock solution with 45 mL of deionized water. Aliquot into 
15 mL tubes, store at −80 °C. Keep one aliquot at 4 °C, pro-
tected from light for up to 3 months.      

       1.    Number and frequency: 2 levels of quality controls (QC) are 
run with every analytical batch.   

   2.    Preparation and storage of QC materials 
 Level 1 or QCL: 25 mL commercially purchased drug free 

human urine sample pool. 
 Then succinylacetone concentration of 100 mmol/mol cre-

atinine is equal to  N /1130. Calculation is as follows:

    (a)    Measure the blank urine creatinine level  in mg/mL as  
 N  mg/mL or  N /113 mol/L.   

   (b)    Then  succinylacetone   concentration of 100 mmol/mol 
creatinine is equal to  N /1130.    

  Add ( N /1130) × 158.15 × 25 mg  succinylacetone   to 25 mL 
blank urine. Calculate sample  volume (containing 1 μmol 
creatinine) for one assay, make small aliquots with a bit 
more than you need for one assay and store at −80 °C until 
exhausted.   

   3.    Validation and certifi cation of QC lot: Target values for new con-
trol lot are established from 20 assays performed with the current 
controls. The acceptable range is defi ned as mean ± 2 SD.   

   4.    Maintaining QC Lot: QC tracking lot must be created and 
maintained by person routinely performing test. When inven-
tory is low (<30 aliquots), new QC lot needs to be prepared 
and validated prior to clinical use.      

       1.    15 mL (16 × 125 mm) screw-cap glass tubes.   
   2.    10 mL (16 × 100 mm) screw-cap glass tubes.   
   3.    Transfer pipettes.   
   4.    Auto sampler vials with caps (VWR 9301-0978 and 

5182-0550).   
   5.    Nitrogen gas.   
   6.    Helium gas.   
   7.    GC column: Agilent HP-5 column with dimensions of 

25 m × 0.20 mm × 0.33 μm.      

       1.    Agilent 7890 Gas Chromatography/5975 Mass Spectrometry 
(GC/MS) system with autosampler.   

   2.    Glas-Col Evaporator.   

2.5  Quality Controls

2.6  Supplies

2.7  Equipment

Hongjie Chen and Chunli Yu
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   3.    Single-tube Vortex.   
   4.    Multi-tube Vortex.   
   5.    Eppendorf 5702 centrifuge.       

3    Methods 

       1.    Remove patient samples and quality control samples from 
freezer to thaw at room temperature. Set the temperature of 
the evaporator to 70 °C.   

   2.    Prepare the worksheet: enter the creatinine values of the sam-
ples and calculate the sample volumes as equivalent to 1 μmol 
creatinine (0.113/creatinine in mg/mL).   

   3.    Label one set of 15 mL glass tubes and two sets of 10 mL glass 
tubes (blank, QCL, QCH, patient samples) in numerical order 
as in the worksheet.   

   4.    Pipette samples into labeled 15 mL tubes as per the volume 
calculated in the worksheet.   

   5.    Add water to each sample as per calculations in the worksheet 
to bring the fi nal volume up to 1.5 mL.   

   6.    Add 100 μL 250 μM  13 C5-SA internal standard (25 nmol) to 
all samples.   

   7.    Start oximation reaction by adding:

   (a)    400 μL 5  N  NaOH   

  (b)    800 μL 5 % hydroxylamine hydrochloride     
 Cap the tubes, vortex each tube for 5 s and incubate at 
70 °C for 30 min.   

   8.    Remove the tubes from the heating block and allow tubes to 
cool for 5 min.   

   9.    Add 800 μL NaCl-saturated 5  N  HCl to each sample.   
   10.    Add 6 mL extraction mixture (ethyl acetate/ethyl ether, 

1:1 v/v) and cap the tubes.   
   11.    Vortex for 10 min using multi-tube vortex (setting = 7.5) to 

extract the organic acids.   
   12.    Allow samples to settle for 1 min to separate organic and aque-

ous layers.   
   13.    Transfer organic (upper) layer of each sample to the fi rst set of 

labeled 10 mL glass tubes with a transfer pipette. Leave a bit at 
the interface to avoid taking aqueous layer ( see   Note 2 ).   

   14.    Add one medium scoop of sodium sulfate (~1 g) using a 
scoopula and vortex the tubes with bench-top vortex to absorb 
any moisture.   

3.1  Stepwise 
Procedure

Urinary Succinylacetone Quantifi cation by GC-MS
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   15.    Centrifuge at 1500 ×  g  for 3 min.   
   16.    Decant the organic layer of each sample to the second set of 

labeled 10 mL glass tubes.   
   17.    Place tubes containing extracted organic acids on heating 

block to evaporate liquid and dry under a steady stream of 
nitrogen for approximately 10 min at 70 °C (set N 2  pressure at 
10 psi) ( see   Note 3 ).   

   18.    Add 200 μL BSTFA/1 % TMCS to the dried extract, cap 
tubes, and vortex.   

   19.    Place tubes in 80 °C heating block for 30 min for 
 derivatization  .   

   20.    Allow samples to cool for 5 min and transfer to labeled sample 
vials for GC-MS analysis.      

    See  Table  2  for instrument’s operating conditions.

          1.    The classic biochemical features of Tyr I are represented in the 
total ion chromatography (TIC) of  urine organic acids   profi le 
from a Tyr I infant prior to NTBC treatment (Fig.  1a ). The 
electron impact (EI) ionization mass spectra of  TMS   deriva-
tives of oximated SA is shown in Fig.  1b .

       2.    The extracted ion chromatogram (EIC) mass spectrum of 212 
and 217 from GC-MS selected ion chromatogram of  TMS   
derivatives of oximated SA and  13 C5-SA are shown as doublet 
peaks (Fig.  2 ). The ions used for identifi cation and quantita-
tion are listed in Table  3 .

        3.    ChemStation Enhanced Data Analysis software is used for data 
analysis. The peak area ratio of SA/internal standard is used for 
constructing the calibration curve and calculating SA concen-
tration in controls and clinical samples ( see   Note 4 ).   

   4.    The calibration curves are accepted if correlation coeffi cient 
( r  2 ) > 0.99 and bias of each calibration level is within 15 % or 
20 % at LLOQ and ULOQ.   

   5.    Typical intra- and inter-assay imprecision is < 10 %.   
   6.    The assay is linear from 0.05 to 450 nmol. Samples with a 

result above 450 nmol must be diluted and repeated.   
   7.    Quality control: The run is considered acceptable if both QC 

values are within 2SD of the mean or one QC value is outside of 
2SD but within 3SD while the second QC value is within 2SD.       

3.2  Instrument 
Operating Conditions

3.3  Data Analysis

Hongjie Chen and Chunli Yu
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4    Notes 

     1.    Random urine sample is collected without addition of preser-
vatives and saved at −20 °C till analysis.   

   2.    Be careful not to transfer any remaining aqueous layer by leav-
ing a bit of the organic (upper) layer of each sample at the 
interface.   

   3.    Make sure the tubes containing extracted organic acids are dry 
before adding the derivatizing reagents.   

   4.    Integrate the doublet peaks for peak area quantitation.         

   Table 2  

  GC operating conditions   

  Inlet settings  

 Mode: splitless  Inlet temperature: 250 °C 

 Pressure: 19.59 psi  Total fl ow: 52.7 mL/min 

 Septum purge fl ow: 3 mL/min  Gas saver: 20.0 mL/min after 
2 min 

 Purge fl ow to split vent: 49 mL/min at 
1 min 

 Gas type: Helium 

  Column  

 Mode: constant fl ow  Initial fl ow: 1 mL/min 

 Initial pressure: 19.6 psi  Holdup time: 1 min 

  Oven temperature program  

 Initial temperature: 80 °C  Ramp 1: 15 °C/min from 
80 °C to 200 °C 

 Ramp 2: 32 °C/min from 200 °C to 
300 °C 

 Run time: 11.125 min 

   Mass spectrometer    

 Tune fi le: atune.u  Acquisition mode: SIM 

 Solvent delay: 6 min  EMV mode: gain factor (1.00) 

 SA SIM: 212.10, 138.10; dwell: 100 ms   13 C5-SA SIM: 217.10, 142.10; 
Dwell: 100 ms 

 MS quad: 150 °C; MS source: 230 °C  Detector: off at 9 min 

Urinary Succinylacetone Quantifi cation by GC-MS
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  Fig. 1    Representative  urine organic acid   profi le of a 7-day-old male infant with tyrosinemia type I (Tyr I)    prior 
to initiation of treatment. ( a ) Total ion chromatogram (TIC). α-Ketocaproic acid (KCA) and pentadecanoic acid 
(PDA) are used as internal standards (IS). Elevations of  succinylacetone   (SA), 4-hydroxyphenyllactic, 
4- hydroxyphenylpyruvic, and 4-hydroxyphenylacetic acids ( marked in red texts ) are typical features of Tyr 
I. ( b ) Electron impact (EI) mass spectrum of mono- TMS   derivatives of SA, represented as 3(5)-methyl-5(3)-
isoxazole propionate  isomers  , derivative compounds from SA oximation.  M+  molecular ion       
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  Fig. 2    Extracted ion chromatogram (EIC) of  succinylacetone   (SA) and internal standard (IS) from the urines of a 
tyrosinemia type I (Tyr I)    patient before ( a ) and after ( b ) treatment. SA ( m / z  of 212) is  marked in blue trace . 
IS ( m / z  of 217) is marked in  red trace . Both SA and IS are shown in doublet peaks representing 3(5)-methyl-5(3)-
isoxazole propionate  isomers  . SA amount in the sample is visually refl ected by the relevant abundance to the IS       
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Chapter 31

Quantification of 1,25-Dihydroxyvitamin D2 and D3 
in Serum Using Liquid Chromatography-Tandem Mass 
Spectrometry

Jonathon Mahlow, Dustin R. Bunch, and Sihe Wang

Abstract

1,25-Dihydroxyvitamin D is the active form of vitamin D and plays a critical role in the maintenance of 
calcium and phosphorous metabolism of the human body. Measurement of 1,25-dihydroxyvitamin D in 
serum can aid in clinical diagnosis and/or management of renal disease, sarcoidosis, and rare inherited 
diseases. We present here an effective and accurate method for measuring 1,25-dihydroxyvitamin D3 and 
1,25-dihydroxyvitamin D2 by high-performance liquid chromatography-tandem mass spectrometry (LC-
MS/MS) after immunoaffinity extraction. The MS/MS is operated in multiple reaction mode with posi-
tive electrospray. Quantification is based on peak area ratios of the analytes to respective deuterated internal 
standards. This method offered a linear range from 4.0 to 160.0 pg/mL with analytical recovery of 89.9–
115.5 % for both 1,25-dihydroxyvitamin D3 and 1,25-dihydroxyvitamin D2.

Key words 1,25-Dihydroxyvitamin D, Liquid chromatography, Mass spectrometry, Serum, 
Quantification

1  Introduction

There are two common forms of vitamin D, cholecalciferol (D3) 
and ergocalciferol (D2). D3 is obtained through biosynthesis from 
the 7‐dehydrocholesterol precursor in the skin upon exposure to 
ultraviolet (UV) irradiation and from the diet. D2 is mainly derived 
from plant sources or manufactured by irradiation of ergosterol 
produced by yeasts [1]. D3 and D2 share the same metabolic path-
way and are quickly converted into 25‐hydroxyvitamin D [25(OH)
D] by the liver followed by conversion primarily in kidney to the 
biologically active form 1α,25‐dihydroxyvitamin D [1,25(OH)2D]. 
1,25(OH)2D production is tightly regulated by parathyroid hor-
mone, phosphorus and calcium [2]. In circulation, the majority of 
1,25(OH)2D is tightly bound to vitamin D‐binding protein (VDP) 
and nonspecifically to albumin. Serum 1,25(OH)2D measurement 
is useful for evaluating patients with chronic renal failure, hypo-
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parathyroidism, hyperphosphatemia, hypomagnesemia, rickets, 
and granulomatous diseases [3].

1,25(OH)2D circulates at extremely low concentrations [normal 
range: 15–60  pg/mL] [4], and historically measured by radio-
receptor assay (RRA) or radio‐immunoassay (RIA). Both RRA and 
RIA require extensive sample preparation to remove interfering sub-
stances, such as cross‐reactive vitamin D metabolites. Liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) is considered a 
more accurate technology for measuring steroid-related compounds 
[5]. Direct LC-MS/MS analysis of 1,25(OH)2D is challenging due 
to the low concentrations in serum and lack of ionizable polar groups 
which leads to low ionization efficiencies. Attempts to increase ion-
ization efficiency have been reported. 4‐Phenyl‐1,2, 4‐triazoline‐3,5‐
dione (PTAD), a Cookson-type reagent, is used to derivatize 
1,25(OH)2D [6, 7] but can require long chromatography time 
(~27  min) [7]. Other approaches include adduct formation with 
ammonia [8] and lithium [9]. In this LC-MS/MS method, 
1,25(OH)2D is quantified using the lithium adducts after one-step 
immunoaffinity extraction that efficiently removes interferences, as 
well as matrix effects, present in patient serum [10].

2  Materials

Serum is an acceptable sample for this procedure. Samples are 
stable for 24  h at room temperature, 1 week refrigerated, and 
3 months frozen at −60 °C or below.

	 1.	50  mM lithium acetate dihydrate: Dissolve 0.79  g lithium 
acetate dihydrate in water and bring to a volume of 100 mL. Mix 
until completely dissolved. Rinse vacuum filtration apparatus 
with methanol and then water and allow to dryness. Filter the 
solution with 0.45 μm aqueous filter paper (stable for 2 weeks 
at room temperature).

	 2.	0.5  mM lithium acetate: Using a volumetric pipette, add 
10 mL of 50 mM lithium acetate to a 1000 mL Class A volu-
metric flask. Bring to volume with water (stable for 2 weeks at 
room temperature).

	 3.	0.5  mM lithium acetate in methanol: Using a volumetric 
pipette, add 20 mL of 50 mM lithium acetate to a 2000 mL 
Class A volumetric flask. Bring to volume with methanol 
(stable for 1 month at room temperature).

	 4.	0.5  mM lithium acetate in 70:30 (methanol:water): Measure 
1400 mL of 0.5 mM lithium acetate in methanol and pour into a 
2000 mL bottle. Using a clean dry graduated cylinder, measure 
600 mL of 0.5 mM lithium acetate in water and pour into the 
bottle. Mix by inversion (stable for 1 month at room 
temperature).

2.1  Samples

2.2  Solvents 
and Reagents  
(See Notes 1 and 2)

Jonathon Mahlow et al.
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	 5.	7:2:1 (V:V:V) acetonitrile:isopropanol:acetone: Using a grad-
uated cylinder, combine 700 mL acetonitrile, 200 mL isopro-
panol and 100 mL acetone in a 1000 mL bottle (stable for 1 
year at room temperature).

	 6.	0.1 % formic acid in water: Add approximately 900 mL water 
to a 1000 mL Class A volumetric flask. Add 1 mL formic acid 
to the flask and bring to volume with water (stable for 1 month 
at room temperature).

	 7.	Reconstitution solution (70:30, methanol:water): Using  
a graduated cylinder measure 75 mL water and pour into a 
250  mL bottle. Then measure 175  mL methanol and pour 
into the bottle (stable for 1 year at room temperature).

	 8.	0.1 % glacial acetic acid in water:methanol (80:20): Using a 
graduated cylinder, add 800 mL water and 200 mL methanol 
to a 1000 mL bottle. Using a pipette, add 1 mL glacial acetic 
acid to the bottle and mix well (stable for 1 month at room 
temperature).

	 9.	SeraCon II CD Human Serum from SeraCare Life Sciences, 
Milford, MA.

	10.	1,25(OH)2D ImmunoTube (ImmundiagnostikAG, Bensheim, 
Germany).

	 1.	Primary standards: 1α,25-Dihydroxyvitamin D3 (5 μg/mL); 
1α,25-dihydroxyvitamin D2 (5  μg/mL) from Cerilliant 
Corporation, Round Rock, TX.  Break one ampule of 
1,25(OH)2D3 and one ampule of 1,25(OH)2D2 and transfer 
entire contents (~1  mL) into separate 1.5  mL labeled glass 
screw-top vials (stable until expiration on certificate of analysis 
at −60 °C).

	 2.	Combined substock of 1,25(OH)2D3 and 1,25(OH)2D2 
(10  ng/mL): Using the verified concentrations of the 
1,25(OH)2D3 and 1,25(OH)2D2 stock standard solutions (as 
found on the Certificate of Analysis), calculate the volume of 
each needed to make 25 mL of substock standard. Then using 
a Hamilton syringe add the calculated volumes of each calibra-
tor stock solution into the same 25 mL Class A volumetric flask. 
Bring to volume with 2-propanol (stable for 1 year at −20 °C).

Example:

Verified conc. stock 1,25(OH)2D3 = 4.866 μg/mL = 4866 ng/mL.
Desired conc. substock 1,25(OH)2D3 standard = 10 ng/mL.
Desired volume of working 1,25(OH)2D3 standard = 25  mL =  

25,000 μL:

Amt of OH D std
ng mL L

ng mL
L.. , .

/ ,
/

.1 25 2 3
10 25 000

4866
51 4( ) =

´
=

m
m

2.3  Standards
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	 1.	1α,25-Dihydroxyvitamin D3 (26,26,26,27,27,27-d6), Medical 
Isotopes, Pelham, NH.

	 2.	1α,25-Dihydroxyvitamin D3 (26,26,26,27,27,27-d6), Medical 
Isotopes, Pelham, NH.

	 3.	Preparation of individual standard stocks (20 μg/mL): Check 
the vial label to ensure the content is approximately 1 mg. 
Add 0.5  mL 2-propanol to each vial then quantitatively 
transfer the contents of the individual d6-1,25(OH)2D2 
and d6-1,25(OH)2D3 standard vials to separate 50  mL 
Class A volumetric flasks. Repeat 2-propanol transfer step 3 
times to ensure complete transfer of material. Bring to vol-
ume with 2-propanol (stable for 2 years when stored at 
<−60 °C).

	 4.	Preparation of individual internal standard substock (200 ng/
mL): Using a Class A volumetric pipette, add 1 mL of each 
20 μg/mL stock internal standard into separate 100 mL Class 
A volumetric flasks. Bring to volume with 2-propanol (stable 
for 2 years when stored at < −60 °C).

	 5.	Preparation of combined working internal standard 
(d6-1,25(OH)2D3 and d6-1,25(OH)2D2): Using a Class A 
volumetric pipette add 1.1  mL of the d6-1,25(OH)2D3 
200  ng/mL substock internal standard and 2  mL of the 
d6-1,25(OH)2D2 200  ng/mL substock internal standard 
into the same 100  mL Class A volumetric flask. Bring to 
volume with 70:30 methanol:water (stable for 1 year when 
stored at < −20  °C). This recipe will change based on the 
concentration of the original internal stock vial.

	 6.	Preparation of injection standard (test mix): In a 100 mL Class 
A volumetric flask, add the following using a Hamilton glass 
syringe:
(a)	 d6-1,25(OH)2D3 internal standard substock (50  μL; 

200 ng/mL d6-1,25(OH)2D3).
(b)	d6-1,25(OH)2D2 internal standard substock (25  μL; 

200 ng/mL d6-1,25(OH)2D2).
(c)	 Combined substock calibration standard (500 μL; 10 ng/

mL).
(d)	Bring to volume with 70:30 methanol:water (stable for 3 

months when stored at < −20 °C).

	 1.	Calibrators: Standard 5 Solution (160 pg/mL) [Note: Defrost 
and pool at least 300  mL of aliquoted SeraCon II for this 
step.]: Using a Hamilton syringe, add 1600 μL of the 10 ng/
mL Combined substock to a 100 mL class A volumetric flask. 
Bring to volume with SeraCon II. (Note: Allow this solution 
to rest >1 min before further dilution.)

2.4  Internal 
Standards

2.5  Calibrators 
and Controls

Jonathon Mahlow et al.



295

	 2.	Cal 5 is serially diluted with volumetric pipettes into 125 mL 
bottles to prepare the rest of the working standards as shown 
in Table 1.

	 3.	All working standards are aliquoted (0.6 mL) into labeled clear 
glass screw top 2 mL vials (stable for 6 months when stored at 
< −60 °C).

	 1.	Onyx monolithic C18 columns (100 × 3.0 mm).
	 2.	UV/visible spectrophotometer.
	 3.	Savant SpeedVac.
	 4.	Vortex genie mixer.
	 5.	TLX2 Autosampler and HPLC (Thermo Fisher Scientific).
	 6.	Liquid chromatography parameters include:

(a)	 Mobile phase A: 0.5  mM lithium acetate in 70:30 
methanol:water.

(b)	Mobile phase B: 0.5 mM lithium acetate in methanol.
(c)	 Mobile phase C: 0.1  % glacial acetic acid in 80:20 

water:methanol.
(d)	 Injection volume: 40 μL.
(e)	 Elution gradients, see Table 2.

2.6  Analytical 
Equipment 
and Supplies

Table 1 
Preparation of calibrators

To make 
calibrator

Use source 
solution

Volume of source 
solution (mL)

Volume of 
SeraCon II

Final concentration 
(pg/mL)

Cal 4 Cal 5 50 50 80

Cal 3 Cal 4 25 75 20

Cal 2 Cal 3 50 50 10

Cal 1 Cal 2 50 50   5

Table 2 
Elution gradients

Method time 
(min)

Duration 
(s)

Flow rate 
(mL/min) Step/ramp Mobile phase A%

Mobile 
phase B%

0   30 0.5 Step 100 NA

0.5 300 0.5 Ramp NA 100

5.5   90 0.5 Step NA 100

7 180 0.5 Step 100 NA

Quantification of 1,25-dihydroxyvitamin D2 and D3 in serum
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	 7.	Thermo TSQ Vantage Tandem Mass Spectrometer (Thermo 
Fisher Scientific) parameters include H-ESI Probe settings as 
follows:
(a)	 Spray voltage: 500 V.
(b)	Vaporizer temp: 325 °C.
(c)	 Polarity: positive.
(d)	Sheath gas pressure: 45 psi.
(e)	 Aux gas pressure: 5.0 psi.
(f)	 Capillary temperature: 300 °C.
(g)	 Skimmer offset: 0 units.
(h)	Sweep gas pressure: 5 psi.
(i)	 S-lens: 120 V.
(j)	 Collision pressure: 1.4 mtorr.
(k)	 Collision energy: 25 eV.

3  Methods

	 1.	Bring calibrators, controls, and samples to room temperature 
and mix thoroughly.

	 2.	Perform daily maintenance and quality checks. Run test mix 
sample to assess system performance. If necessary, change ion 
transfer tube (see Note 3).

	 3.	Acceptable system performance: Peak areas for 1,25(OH)2D3 
and 1,25(OH)2D2 for three injections must be at least 70 % of 
the running average. Retention time must not deviate more 
than 0.2 min from the running average. If the performance is 
not considered acceptable by the above criteria, up to two fur-
ther injections of the test mix may be done before trouble-
shooting becomes necessary.

	 4.	Label one set of ImmunoTubes, one set of injection vials, and 
two sets of 12 × 75 mm glass tubes for each standard, control, 
and patient sample.
(a)	 Blank
(b)	Calibration Standard 1
(c)	 Calibration Standard 2
(d)	Calibration Standard 3
(e)	 Calibration Standard 4
(f)	 Calibration Standard 5
(g)	Low or high control
(h)	Patient

3.1  Stepwise 
Procedures

Jonathon Mahlow et al.
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(i)	 Patient
(j)	 Patient
(k)	 High or low control (alternate level from beginning 

of batch)
(l)	 Blank
(m)	 TestMix_End

	 5.	Place each ImmunoTube into one of its respective 12 × 75 mm 
tubes.

	 6.	Uncap each ImmunoTube and ensure that each cap is coordi-
nated to the tube from which it was originally removed. (Note: 
Do not remove caps until ready to pipette samples.)

	 7.	Pipette 500 μL standard, control, and patient sample into its 
respective ImmunoTube.

	 8.	Using a re-pipettor, add 25 μL working internal standard to 
each ImmunoTube.

	 9.	Cap ImmunoTubes (ensuring that each cap is returned to its 
original tube) and invert tubes two times before placing nested 
samples on bench top tube rocker at room temperature for 
60–90 min.

	10.	Remove the nested tubes from the bench top tube rocker.
	11.	Centrifuge tubes at 850 × g for 1 min in Silencer.
	12.	Remove nested tubes from centrifuge.
	13.	Snap off and discard the breakaway plug at the bottom of each 

ImmunoTube then remove the cap of each sample and place 
back into its respective glass tube.

	14.	Centrifuge tubes at 850 × g for 1 min in Silencer.
	15.	Using a re-pipettor, add 500 μL of water.
	16.	Centrifuge tubes at 850 × g for 1 min in Silencer.
	17.	Using a re-pipettor, add 500 μL of water.
	18.	Centrifuge tubes at 850 × g for 1 min in Silencer.
	19.	Using a re-pipettor, add 500 μL of water.
	20.	Centrifuge tubes at 1330 × g for 2 min in Silencer.
	21.	Remove nested tubes from centrifuge.
	22.	Transfer ImmunoTubes to the set of clean, labeled 12 × 75 mm 

glass tubes.
	23.	Using a re-pipettor, add 400  μL of 95  % ethanol to each 

extraction tube. Do not allow any of this solvent to contact the 
outside of the ImmunoTubes.

	24.	Wait for at least 1  min to provide time for the alcohol to 
facilitate release of the analyte from the beads.

	25.	Centrifuge tubes at 850 × g for 1 min in Silencer.

Quantification of 1,25-dihydroxyvitamin D2 and D3 in serum
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	26.	Remove nested samples from centrifuge.
	27.	Remove ImmunoTubes from 12 × 75 mm elution tubes and 

discard.
	28.	Place the glass tubes containing the eluate into a Savant 

SpeedVac set to medium heat and evaporate to complete dry-
ness (~30 min).

	29.	Using a re-pipettor, add 100  μL of reconstitution solution 
(70:30 methanol:water) to each tube.

	30.	Vortex each tube for a minimum of 5 s to facilitate complete 
reconstitution.

	31.	Centrifuge in Silencer at 850 × g for at least 1 min.
	32.	Carefully remove the tubes from the centrifuge.
	33.	Using a 100 μL pipette, transfer the samples to their respective 

injection vials.
	34.	Cap vials and store at 2–8 °C or in refrigerated autosampler 

stack until analysis.

	 1.	Instrument operating parameters are given in Subheading 2.6 
and an example of chromatography in Fig. 1.

	 2.	Data are analyzed using LCQuan Software (Thermo Scientific).
	 3.	Chromatograms are integrated and standard curves generated 

from the relative peak area ratio of each respective ion 
(d6-1,25(OH)2D3, 1,25(OH)2D3, d6-1,25(OH)2D2, 
1,25(OH)2D2).

	 4.	Concentration is based on the peak area ratio of the standard 
to the internal standard and the equation of the calibration 
curve.

	 5.	Reference range: 1,25(OH)2D (Total) = 15.0–60.0 pg/mL.
	 6.	The assay is thought to be linear over the following ranges:
	 1,25(OH)2D2 = 4.0–160.0 pg/mL
	 1,25(OH)2D3 = 4.0–160.0 pg/mL

4  Notes

	 1.	Water—must meet Clinical Laboratory Standards Institute—
Clinical Laboratory Reagent Water criteria (CLSI CLRW).

	 2.	All reagents must be prepared using chromatography 
quality reagents, and stored in glassware specifically desig-
nated for LC-MS/MS only. General laboratory glassware 
contains contamination from detergents and must not be 
used. Only use bottles with Teflon-lined caps; do not use 
parafilm.

3.2  Analysis

Jonathon Mahlow et al.
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	 3.	Cleaning ion transfer tubes (ITTs).
(a)	 ITTs for 1,25(OH)2D testing must be changed prior to 

submitting a batch if the analytical system has been used 
for another project since the last 1,25(OH)2D batch.

(b)	To clean ITTs for Thermo Vantage.
●● Record ITT ID numbers.
●● Soak in glacial acetic acid (Fisher) ~24 h.
●● Rinse with methanol.
●● Sonicate in methanol for 15 min.
●● Dry.

Fig. 1 1,25(OH)2D patient chromatogram

Quantification of 1,25-dihydroxyvitamin D2 and D3 in serum
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    Chapter 32   

 High-Throughput Serum 25-Hydroxy Vitamin D Testing with 
Automated Sample Preparation       

     Judy     Stone       

  Abstract 

   Serum from bar-coded tubes, and then internal standard, are pipetted to 96-well plates with an 8-channel 
automated liquid handler (ALH). The fi rst precipitation reagent (methanol:ZnSO 4 ) is added and mixed 
with the 8-channel ALH. A second protein precipitating agent, 1 % formic acid in acetonitrile, is added and 
mixed with a 96-channel ALH. After a 4-min delay for larger precipitates to settle to the bottom of the 
plate, the upper 36 % of the precipitate/supernatant mix is transferred with the 96-channel ALH to a 
Sigma Hybrid SPE ®  plate and vacuumed through for removal of phospholipids and precipitated proteins. 
The fi ltrate is collected in a second 96-well plate (collection plate) which is foil-sealed, placed in the autos-
ampler (ALS), and injected into a multiplexed LC-MS/MS system running AB Sciex Cliquid ®  and MPX ®  
software. Two Shimadzu LC stacks, with multiplex timing controlled by MPX ®  software, inject alternately 
to one AB Sciex API-5000 MS/MS using positive atmospheric pressure chemical ionization (APCI) and 
a 1.87 min water/acetonitrile LC gradient with a 2.1 × 20 mm, 2.7 μm, C18 fused core particle column 
(Sigma Ascentis Express). LC-MS/MS through put is ~44 samples/h/LC-MS/MS system with dual-LC 
channel multiplexing. Plate maps are transferred electronically from the ALH and reformatted into 
LC-MS/MS sample table format using the Data Innovations LLC (DI) Instrument Manager middleware 
application. Before collection plates are loaded into the ALS, the plate bar code is manually scanned to 
download the sample table from the DI middleware to the LC-MS/MS. After acquisition—LC-MS/MS 
data is analyzed with AB Sciex Multiquant ®  software using customized queries, and then results are trans-
ferred electronically via a DI interface to the LIS. 2500 samples/day can be extracted by two analysts using 
four ALHs in 4–6 h. LC-MS/MS analysis of those samples on three dual-channel LC multiplexed LC-MS/
MS systems requires 19–21 h and data analysis can be done by two analysts in 4–6 h.  

  Key words      25-Hydroxy vitamin D    ,    Automated liquid handling    ,   LC  multiplexing    ,   Automated data 
management  ,    High-throughput    

1      Introduction 

 This method and the associated automation processes described 
were developed at TPMG Kaiser Regional Laboratories in 
Richmond, CA, in response to rapidly increasing  25-hydroxy vita-
min D   test volumes and to dissatisfaction with the performance 
and cost of automated immunoassay testing for this analyte [ 1 ]. 
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Although  LC-MS/MS   technology had been in use at the Regional 
Laboratories for several years, all options in place for sample prepa-
ration and result entry to the LIS at that time were manual, with 
maximum batch sizes of 100–150 samples/day. 

 In order to cope with test volumes for  25-hydroxy vitamin D   
rising to 2500 samples/day, we chose to automate sample prepara-
tion using 96-well plates, ALHs, and serum  protein   precipitation 
combined with phospholipid removal [ 2 ,  3 ]. Although  multiplex-
ing   solutions were available to increase throughput of the  LC-MS/
MS   with up to four LC streams per mass  spectrometer  , we opted 
for the AB Sciex-Shimadzu MPX ®  multiplexing system with some-
what slower but less complex two LC streams per mass spectrom-
eter [ 4 ]. Additionally, AB Sciex MPX ®  multiplexing software 
integrates well with AB Sciex Cliquid ®  batch control and reporting 
software, an application that had already been deployed at the 
Regional Laboratories with good staff satisfaction. Familiarity of 
staff with Shimadzu LC components was another factor that 
favored the choice of MPX ® . The clinical laboratory middleware 
application, Instrument Manager, was well established and in wide 
use at Regional Laboratories, providing an opportunity to collabo-
rate with AB Sciex, Hamilton Co., and DI as they developed an 
array of solutions to automate information transfer between instru-
ments and with the Laboratory Information System (LIS) via the 
Instrument Manager application [ 5 ]. Guiding principles for auto-
mation design were (a) modular components, (b) verifying plate 
ID and orientation by scanning the plate barcode following every 
plate relocation, (c) no manual sample sorting, and (d) no manual 
information entry or transfer. 

 This consolidated system for automated  LC-MS/MS   sample 
and information handling proved to be robust, with excellent pre-
cision (between day coeffi cients of variation [CVs] between 3.5 
and 7.5 %), better than expected maintenance-free intervals for the 
mass  spectrometers   (no cleaning other than scheduled 6-month 
preventative maintenance), a very low frequency of repeat testing, 
no failures in turnaround time, and good performance in external 
quality assurance schemes (profi ciency testing). The automated 
data review/information management infrastructure has been suc-
cessfully applied within the Regional Laboratories to other  LC- 
MS/MS   methods and across different models of AB Sciex mass 
spectrometers.  

2    Materials 

       1.    Mobile phase A (LC-MS-grade H 2 O).   
   2.    Mobile phase B (LC-MS-grade acetonitrile).   
   3.    Load mobile phase (70:30 mobile phase A:mobile phase B).   

2.1  Reagents 
and Buffers

Judy Stone
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   4.    Needle wash and wash B (LC-MS-grade methanol).   
   5.    Wash C (LC-MS-grade acetonitrile).   
   6.    90:10 (vol:vol) Methanol:100 mg/mL ZnSO4 (fi rst precipita-

tion reagent).   
   7.    Acetonitrile, 1 % formic acid (second precipitation reagent).   
   8.     25-Hydroxy vitamin D2   in ethanol, 50 μg/mL and  25-hydroxy 

vitamin D3   in ethanol, 100 μg/mL.   
   9.    Unextracted standard mix for system suitability testing (SST)—

6.3 ng/mL of  25-hydroxy vitamin D2  , 25-hydroxy vitamin 
D2-d6,  25-hydroxy vitamin D3  , and 25-hydroxy vitamin 
D3-d3 in 75:42:30:2.8 of acetonitrile 1 % formic 
acid:H 2 O:methanol:100 mg/mL ZnSO 4 .   

   10.    Orange G serum pool for ALH liquid handler volume verifi ca-
tion [ 6 ].      

       1.    Calibrators are custom manufactured by Perkin-Elmer, supplied 
in suffi cient volume to last for at least 6 months and traceable to 
the NIST Standard Reference Material (SRM) 972 for  25-hydroxy 
vitamin D  . The calibration matrix is double charcoal stripped, 
delipidized serum with  25-hydroxy vitamin D2   and  D3   concen-
trations <1 ng/mL. Calibrators are supplied ready to use, frozen, 
at 25 mL/vial, six vials/set. As needed, a set of six vials are 
thawed, mixed thoroughly, and 250 μL aliquots are transferred 
to barcoded tubes. Calibrator aliquots in sealed tubes are vali-
dated as stable for at least 3 months at −15 to −30 °C. Concentrations 
of 25-hydroxy vitamin D3 and 25-hydroxy vitamin D2 have tar-
get spiking values within ±20 % of:

  Barcode label concentration (ng/mL): 

  STD_01 5.  
  STD_02 30.  
  STD_03 60.  
  STD_04 90.  
  STD_05 120.  
  STD_06 150.         

       1.    Primary internal standards.
   (a)    Deuterated  25-hydroxy vitamin D3   (26,26,26,27,27,27- 

d6) (25-hydroxy VitD3-d6).   
  (b)    Deuterated  25-hydroxy vitamin D2   (d3) (25-hydroxy 

VitD2-d3).       
   2.    Working mixed internal standard: 160 ng/mL each of 

25-hydroxy VitD2-d3 and of 25-hydroxy VitD3-d6 in 50:50 
(vol:vol) methanol:water ( see   Note 1 ).   

2.2  Calibrators/
Calibration

2.3  Internal 
Standard and Quality 
Controls

High Throughput 25-hydroxy Vitamin D
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   3.    Quality controls.
   (a)    A commercial, lyophilized, human serum-based, trilevel 

control is used. The manufacturer’s instructions for recon-
stitution are followed.   

  (b)    After reconstitution, 250 μL aliquots are created in bar-
coded tubes, capped and have been validated as stable for 
up to 25 days at 2–8 °C.          

       1.    Orange G dye (for ALH volume verifi cation).   
   2.    Double-charcoal-stripped serum, VD-DC Mass Spec Gold 

from Golden West Biologics.   
   3.    ALH tips (8-channel- Hamilton CORE ®  tips, 10–300 μL, car-

bonized for liquid-level sense, NTR [stacked] tips and 96 
channel—clear, 200 μL, wide-bore tips [wide-bore to prevent 
clogging with precipitate]).   

   4.    2.1 × 20 mm, 2.7 μm, Ascentis Express C18 LC column (fused 
core particle).   

   5.    Column Saver Pre-fi lter, 0.5 μm, from Mac-Mod Analytical, 
Chadds Ford, PA.   

   6.    50 mg/96-well Hybrid SPE ®  plates from Sigma-Aldrich.   
   7.    96-Well, 1.0 mL (half-height), conical bottom, polypropylene 

sample and collection plates.   
   8.    96-Well, fl at-bottom, clear, polystyrene micro-titer plates for 

liquid handler volume verifi cation.   
   9.    Foil plate seals, 125 × 78 mm individual sheets, blue stripe indi-

cates top side.   
   10.    13 × 75 mm polypropylene test tubes.   
   11.    Barcode labels for plates—CTD Thermal label. 11/4″ × 2″, 

2000/roll. Barcode labels for plates are printed with thermal 
transfer on label stock that is resistant to solvent fumes. If the 
wrong label stock and printer technology is used—the bar-
codes will become blurred, the background turns gray, and the 
barcode cannot be scanned reliably.      

       1.    For tube to plate step: Hamilton MicroLab STARlet 8-chan-
nel liquid handler, with Venus software, autoload option, bar-
code reader (for plates and tubes), grippers for moving plates, 
liquid- level sensing, and total aspiration and dispense moni-
toring (TADM) for clot detection. The deck is confi gured for 
one rack containing three plate stacker positions and two 
plate-fi lling stations, one rack of NTR (stacked) tips, one 
3-position reagent container rack, and 30 sample racks for 
13 mm diameter tubes.   

2.4  Supplies

2.5  Equipment

Judy Stone
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   2.    For  protein   crash and fi ltration steps: Perkin-Elmer Zephyr 
96-channel liquid handler with Maestro software, a gripper for 
moving labware, a barcode reader, a vacuum module and vac-
uum pump, and 12 deck positions for SBS footprint labware. 
The barcode reader was relocated to the right side of the 
instrument in order to read plate barcodes that have been 
placed on the side of the plate between the H12 and A12 wells 
(as required for the Hamilton STARlet alH barcode reader).   

   3.    Zebra barcode label printers.   
   4.    Manual heat sealers for applying foil seals to 96-well plates. 

Sealing protocol is 170 °C for 3 s.   
   5.    Two Shimadzu Prominence LC stacks (two streams) per mass 

spectrometer are comprised of the following components:
   (a)    Five binary pumps (two Pump As, two Pump Bs, one 

Loading pump).   
  (b)    Two temperature-controlled autosamplers.   
  (c)    Two temperature-controlled rack changers (permits stor-

age of up to 12 plates/rack changer for automated intro-
duction to the associated autosampler).   

  (d)    One temperature-controlled column oven (Nexera model 
instead of Prominence— see   Note 2 ), holds two columns, 
one for each stream.   

  (e)    Two loading valves and one stream select valve (controls 
fl ows for LC  multiplexing  ), one divert valve (directs LC 
fl ow to waste except for a 22 s window for peak elution 
from each stream).   

  (f)    PEEK tubing: Use of fused core column particle architec-
ture and a short column length (2 cm) results in good LC 
effi ciency (narrow, 3–5 s, LC peak widths) and LC pres-
sures <4500 psi (310 bar) despite high fl ow rates and a 
2.7 μm particle diameter. As pressures are routinely 
<4500 psi, user- friendly PEEK tubing, instead of stainless 
steel tubing, can be used to connect LC components and 
columns.       

   6.    AB Sciex API5000 with Turbofl ow ion source and APCI 
probe.       

3    Methods 

     Using the STARlet 8-channel liquid handler for tube to plate 
pipetting and fi rst crash solvent (two plate walk away capacity, con-
sumables and samples for up to fi ve plates can be placed on the 
deck before restocking is needed): 

3.1  Stepwise 
Extraction Procedure

3.1.1  Extraction Tube 
to Plate

High Throughput 25-hydroxy Vitamin D
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       1.    Up to 9 barcoded 1 mL, conical bottom, polypropylene, 
96-well plates are loaded in a defi ned order in the plate stacker 
rack on the STARlet deck ( see   Note 3 ).   

   2.    Reagent containers of mixed working internal standard and of 
methanol:ZnSO 4  precipitation reagent are loaded on the deck. 
The internal standard container is capped to reduce evapora-
tion with a custom lid designed for automated handling by one 
of the pipettor channels. The stability of the internal standard 
in the reservoir is validated for up to 12 plates when using the 
custom lid.   

   3.    An empty reagent container is loaded for storage of the inter-
nal standard container lid while the internal standard solution 
is being pipetted.   

   4.    Stacked NTR tips are loaded on the deck.   
   5.    Up to 15 sample racks, each holding 32, 13 mm diameter 

(13 × 75 mm or 13 × 100 mm) sample tubes, are placed on the 
autoload tray in front of the deck. Blanks, calibrators, and 
quality control (QC) materials are placed in rack positions 
defi ned differently for each of the plates extracted on the same 
liquid handler ( see   Note 4 ). Patient samples are placed ran-
domly, in the order received, in rack positions between the 
predefi ned calibrator, blank, and QC rack positions. Minimum 
volume of serum in the sample tube for accurate pipetting is 
250 μL.      

       1.    The analyst starts the run with the Venus software and the 
STARlet scans sample tube barcodes (accession numbers) as 
the fi rst 3 sample racks (96 samples) are drawn into the liquid 
handler deck using the autoload function.   

   2.    Using the grippers the robot presents the fi rst plate from the 
stacker to the barcode reader and then places it on the rear fi ll-
ing station.   

   3.    The robot pipets serum from sample tubes, eight at a time, to 
all 96 wells. A fresh tip is used for each sample. Used tips are 
shucked to a waste bag off the deck ( see   Note 5 ).   

   4.    The internal standard reservoir lid is removed by one of the 
pipet channels and stored on the empty reagent container.   

   5.    Internal standard is pipetted into eight wells at a time, and 
mixed with serum by repeated aspiration/dispense cycles of 
the tips. A fresh tip is used for each well.   

   6.    The lid is placed back on the internal standard reservoir.   
   7.    The fi rst precipitation reagent (90:10 methanol:ZnSO 4 ) is 

added to eight wells at a time and mixed with the tips. A fresh 
tip is used for each well.   

 Load Samples, Reagents, 
and Consumables

 Initiate Pipetting
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   8.    The robot uses the grippers to move the fi lled plate to the 
front fi lling station. While the 8-channel liquid handler is fi ll-
ing the next plate, the analyst can pick up and move the fi rst 
fi lled plate to the 96-channel liquid handler for further 
processing.   

   9.    The sample accession numbers, matched to plate well locations 
(e.g., A1, H12), are associated with the plate barcode and 
written to a plate map fi le on the DI server as well as to a dupli-
cate .txt fi le on the STARlet C drive ( see   Note 6 ).   

   10.    The robot will use the grippers to present the next plate from 
the stacker to the barcode reader, place it on the back fi lling 
station, and begin pipetting the next set of 96 samples ( see   step 
6 ).   

   11.    Once a fi lled sample plate is removed from the 8-channel liq-
uid handler, the plate barcode is manually scanned to print two 
replicate barcode labels from the Zebra barcode label printer 
( see   Note 7 ).       

   Using the Zephyr 96-channel liquid handler for the second crash 
reagent and fi ltration to remove  proteins   and phospholipids (two 
plate walk away capacity): 

       1.    Three racks of wide-bore tips, a reagent container of precipi-
tating reagent #2, and two Hybrid SPE ®  plates are placed on 
the deck of the 96-channel liquid handler.   

   2.    A fi lled sample plate and empty collection plate with matching 
barcodes are placed on the deck of the liquid handler. A second 
set (second fi lled sample plate and empty collection plate with 
matching barcodes) can be added to the deck before or during 
processing of the fi rst plate.      

       1.    The extraction is started with the Maestro software.   
   2.    The sample plate is picked up by the robot grippers, presented 

to the barcode reader for scanning, and returned to the origi-
nal deck position.   

   3.    The robot grippers move the empty collection (injection) plate 
to the barcode reader and the barcode label is compared to the 
sample plate barcode. If the barcodes match, the collection 
plate is placed in the well of the vacuum module. If not 
matched—an error message appears on the screen and the 
method aborts.   

   4.    The robot grippers place the collar of the vacuum module over 
the collection plate in the well of the vacuum module.   

   5.    The robot grippers place the fi rst Hybrid SPE ®  plate on top of 
the collar.   

3.1.2  Extraction  Protein   
and Phospholipid Removal

 Load Reagents 
and Consumables

 Initiate Pipetting
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   6.    The 96-channel pipettor transfers 1 % formic acid in acetoni-
trile (precipitating reagent #2) from the reservoir to all wells of 
the fi rst sample plate. The acetonitrile tips are returned to the 
tip box. They are clean (no contact with samples) and can be 
reused ( see   Note 8 ).   

   7.    The robot picks up a new set of wide-bore tips (sample tips 
#1), mixes the serum and precipitating reagents by multiple 
aspiration/dispense cycles of the tips, and then pauses above 
the plate for 4 min to let the heavier clumps of precipitate settle 
out ( see   Note 9 ).   

   8.    The robot transfers 36 % of the supernatant from the sample 
plate 1 to the Hybrid SPE ®  plate on the vacuum module. 
Sample tips #1 are returned to the tip box (for discard).   

   9.    The vacuum pump is turned on and the gantry of the 96 pipet 
head presses down on the Hybrid SPE ®  plate to insure a good 
seal and effective vacuum.   

   10.    Precipitated  proteins   and phospholipids stay in the plate bed 
while serum supernatant is pulled through the plate by vacuum 
into collection plate 1.   

   11.    The vacuum pump is turned off and the Hybrid SPE ®  plate 
and collar are disassembled by the robot.   

   12.    Collection plate 1 is moved to the front of the deck, where it 
can be picked up by the analyst and a foil cover heat-sealed into 
place so the plate can be loaded into the  LC-MS/MS  . The 
same process continues without pause for sample and collec-
tion Plates 2.        

       1.    After performing daily  LC-MS/MS   maintenance ( see   Note 
10 ) including a system suitability test (SST), the sample tables 
for two plates are downloaded from Instrument Manager to 
Cliquid- MPX  ®  using the Instrument Manager ABSciex LIMS 
Compatibility driver. The plate barcodes are scanned into the 
respective fi elds for Stream 1 and Stream 2 in the Import 
Sample List File screen. The Cliquid-MPX ®  software inter-
weaves the two sample tables in an injection queue such that 
samples are introduced alternately from Stream 1 and Stream 
2 with multiplexed timing controlled by MPX ® . Subsequent 
sets of two sample tables and two plates can then be intro-
duced at any time, up to a maximum of 12 plates/rack changer 
or 24 plates/ LC-MS/MS  .   

   2.    AB Sciex recommends, and validation testing confi rmed, that 
a minimum of 30 min at operating APCI source temperature 
(300 °C) is necessary before starting a run to obtain optimal 
signal-to-noise (S/N) and signal stability. If the SST com-
pletes before the fi rst two plates are ready to submit to the 

3.2  Stepwise  LC-MS/
MS   Analysis
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 LC-MS/MS   queue, the APCI source is maintained at oper-
ating temperature by alternating discard injections from 
Stream 1 and Stream 2 until the plates are ready for 
injection.   

   3.    Extracted plates are snapped into racks that then fi t in to the 
Rack Changer drawers, three racks per drawer ( see   Note 11 ). 
While the system is actively injecting samples, opening the rack 
changer drawers to introduce plates is carefully timed around 
the autosampler inject cycle and movement of the rack changer 
robot to avoid instrument control errors/robot crashes that 
could stop the run/damage the robot.   

   4.    Two multiplexed plates take about 4.4 h to fi nish injecting. In 
order to verify acceptable calibration and QC without having 
to wait until the fi rst two multiplexed plates are fi nished inject-
ing—the 11 wells at the beginning of the fi rst plate on Stream 
1 and on Stream 2 that contain blanks, calibrators, and QCs 
are submitted as two separate batches and the remaining 
patient samples in the fi rst two multiplexed plates are submit-
ted as a second set of two separate batches. As soon as they are 
completed, the batch with calibrators and QC can be analyzed 
with Multiquant ®  data analysis software and if any problems 
are identifi ed, the run can be stopped with less than 30 min of 
run time lost.   

   5.    During batch submission there is an option to print a results 
report. Instead, a simple list of samples per plate by injection 
order, associated with well, plate, stream, and  LC-MS/MS   sys-
tem identifi ers, is selected to print once the injection of the 
two plates is fi nished. No chromatographic peaks (extracted 
ion chromatograms—XICs), no peak information, no calibra-
tion information and no calculated results are included in the 
Sample List report because all data review is done on the 
screen, none from a printed report.   

   6.    The fi nal batches submitted for each stream are (a) ten injec-
tions from each stream of 50:50 methanol:water with APCI 
source temperature at 550 °C (source clean up/bake out 
method/sequence) followed by (b) methanol (wash B) and (c) 
acetonitrile (wash C) washes of the system prior to going to 
standby (all source and LC temperatures and gas and LC fl ows 
off). Without the source bake out routine after every overnight 
run—there is a progressive drop off in S/N to unacceptable 
levels after several weeks of running hundreds of samples/day. 
Including the source bakeout after every run is an effective 
preventative maintenance step, otherwise the only means to 
regain former sensitivity after exposing the source to several 
thousand extracted serum samples appears to be the replace-
ment of all APCI source components.      
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       1.    Stand-alone workstations (not connected to an  LC-MS/MS   
instrument) running AB Sciex Analyst ®  and Multiquant ®  software 
are used for data analysis. Analyst ®  and Multiquant ®  can be con-
fi gured to analyze data fi les that reside on another workstation 
(e.g., the PC controlling an LC-MSMS) through a local area 
network (LAN).   

   2.    To create a Multiquant ®  result table (QSession)—calibrator 
data fi les from the appropriate plate ( see   step 7  below) and all 
patient and QC fi les from a single plate are selected. Each 
plate/QSession is considered a separate batch that is either 
accepted or rejected for reporting based on  LC-MS/MS   data 
review and QC sample review. A data review checklist is com-
pleted and signed for each plate.   

   3.    In Multiquant ®  the SignalFinder (no smoothing) integration 
algorithm is selected and a customized query fl ags failures for 
four quality parameters that characterize the acceptability of 
 LC-MS/MS   peaks.   

   4.    The scanned plate barcode from the sample table is displayed 
in a custom fi eld of the Multiquant ®  result table (QSession). 
The fi rst step in data analysis is to verify that the plate barcode 
displayed in the QSession matches the data fi le names and the 
Sample List report fi le name.   

   5.    Internal standard peaks (16/screen) are reviewed in MultiQuant 
Peak Review. Manual integration is rarely needed and must be 
approved by a supervisor. A metric plot of injection number ver-
sus internal standard peak areas is created with a drag to select 
the internal standard peak area columns in the result table and a 
click on the metric plot icon. Outliers of internal standard peak 
area (missed integration or no peak) are immediately obvious 
from the plot. The plot is interactive and the peak integration for 
a questionable point in the plot can be reviewed with one click.   

   6.    Analyte peaks are reviewed and if necessary, integration is 
corrected.   

   7.    Calibration curves are reviewed. Acceptance criteria for cali-
brations are  R  2  > 0.995, % accuracy at the lower limit of quan-
titation (LLOQ) within ±20 %, % accuracy for all other 
calibrators within ±15 %. Minimum acceptable S/N at the 
LLOQ is 10, typically it is 40–50. The calibration scheme is:
   (a)    Each LC stream is calibrated separately.   
  (b)    If there are more than two plates/stream—the fi rst and 

last plates on each stream contain calibrators.   
  (c)    The default calibration protocol is use of calibrators from 

the fi rst plate on a stream for plates in the fi rst half of the 
run on that stream and use of calibrators from the last plate 

3.3  Data Analysis
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on a stream for plates in the latter half of the run on that 
stream.   

  (d)    Calibrator exclusion rules are as follows:
 ●    A single calibrator outside the accuracy ranges can be 

excluded as long as QC are within range after exclu-
sion. No more than one standard is excluded.  

 ●   Exclusion of STD_01 (LLOQ) as an alternative to 
batch failure is acceptable only if STD_01 from another 
plate on either stream of the same instrument, same 
day can be substituted with acceptable accuracy. 
Acceptable accuracy for patient and QC samples using 
calibrators from the fi rst versus the last plate of the 
same stream or from another stream on the same 
instrument was validated in-house for up to 5 plates/
stream (10 plates/instrument) representing ~22 h of 
continuous injections.  

 ●   If STD_06 is excluded—all samples > than the STD_05 
concentration are not reported and are re-extracted.       

      8.    The query adds a custom column to the result table (QSession) 
and fl ags samples with a comment in blue (reportable once 
correct integration is verifi ed) or red ( not  reportable if correct 
integration is verifi ed) text in the custom column under the 
conditions below. Integration is reviewed a second time for all 
(blue or red) fl agged peaks/samples.
   (a)    An MRM qualifi er/quantifi er peak area ratio error is defi ned 

as a ratio more than ±25 % different from that of the average 
ratio for the calibrators. Samples with a 25-hydroxy vitamin 
D2 or D3 concentration > the LLOQ of 5 ng/mL and an 
MRM ratio error will generate a fl ag in red text ( not  report-
able if correct integration is verifi ed). Sample concentra-
tions < the LLOQ and with an MRM ratio error will 
generate a blue text fl ag (reportable once correct integra-
tion is verifi ed). The target range of ±25 % was derived from 
consensus guidelines and validated in-house [ 7 ].   

  (b)    A relative retention time (RRT) error occurs when the 
RRt is outside the range of 1.00 to 1.06. Sample concen-
trations above the LLOQ and with an RRT error will gen-
erate a fl ag in red text ( not  reportable if correct integration 
is verifi ed). Sample concentrations < the LLOQ and with 
an RRT error will generate a blue text fl ag (reportable 
once correct integration is verifi ed). The acceptable range 
was derived from the in-house validation.   

  (c)    A Peak Width error occurs when the peak width is outside 
the range of 0.02–0.12 min (1.2–7.2 s). Sample 
 concentrations with a peak width error will generate a fl ag 
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in red text (review integration for bizarre peak shape, 
interfering peaks). The target range was established and 
validated in-house. Most peak widths are in the range of 
0.03–0.08 min—but very small peaks may be <2 s and 
very large peaks may be greater than 5 s.   

  (d)    An internal standard (I.S.) peak area error occurs when the 
I.S. peak area is outside the range of 50–150 % of the average 
I.S. peak areas for the calibrators. All samples with I.S. peak 
area errors will generate a fl ag in red text ( not  reportable if 
correct integration is verifi ed). The target range was vali-
dated in-house.    

      9.    QC results are reviewed for acceptability. Stream specifi c QC 
results are recorded automatically in the BioRad Laboratories 
Unity RealTime software when a fi nalized QSession fi le is 
uploaded to Instrument Manager.   

   10.    The QSession fi le is saved with the plate barcode as the fi le 
name and a pdf report fi le (report by sample format) is cre-
ated and stored electronically. No QSession reports are 
printed.   

   11.    Interface: Results are uploaded from MultiQuant ®  to the 
Instrument Manager middleware in batch mode, one plate at 
a time, using an XML export template, the Instrument 
Manager ABSciex LIMS Compatibility driver, selection of 
“LIMS Transfer” from the File menu, and a single click on 
“Transfer.” Instrument Manager rules prevent results with red 
failure fl ags ( see   step 8  above) from being transmitted to the 
LIS (results are suppressed). Results with no fl ags or blue fl ags 
are automatically transmitted to the LIS for verifi cation. 
Results with a total 25-hydroxy vitamin D (sum of D2 + D3) 
of < 5 ng/mL (repeated for confi rmation) or >150 ng/mL 
(repeated on dilution) are also suppressed in Instrument 
Manager. Results for patients < 12 months of age are sup-
pressed so the sample can be analyzed with a different method 
that does not detect the C3-epimer of 25-hydroxy vitamin D3 
[ 8 ]. An Instrument Manager Exception Printer is confi gured 
to print a list of samples that have suppressed results and their 
associated failure fl ag(s) and sample locations whenever a 
batch (plate) is transmitted from MultiQuant ®  to Instrument 
Manager.      

        Loading pump fl ow rate: 1 mL/min  
  Injection volume: 20 μL  
  Autosampler cooling temperature set point: 12 °C  
  Column oven set point: 40 °C  

3.4  Instrument 
Operating Conditions

3.4.1  LC Parameters
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   See  Table  1  (LC Gradient)

         Acquisition window

 Start time:  0.86 min 

 End time:  1.23 min 

 Divert valve 
setting 

 Total time (min)  Position 

 1  0.89  B-Source 

 2  1.20  A-Waste 

   Ionization—positive mode, APCI 
 Source parameters:

 Collision gas  6.00 

 Curtain gas  35.00 

 Gas 1  60.00 

 Gas 2  60.00 

 Temperature  300 

 Nebulizer 
current 

 5.00 

3.4.2  Mass  Spectrometer   
Settings

   Table 1  
  LC gradient   

 Elapsed time (min)  % Mobile phase B 
 Flow rate 
(mL/min) 

 0  30  1.0 

 0.900  80  1.0 

 0.901  92  1.0 

 1.150  92  1.0 

 1.160  95  1.0 

 1.170  95  1.7 

 1.460  95  1.7 

 1.470  30  1.5 

 1.550  30  1.0 

 1.870  30  1.0 
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    See  Table  2 —(MRM parameters)

       Pipetting precision and accuracy for the liquid handlers was checked 
monthly using Orange G dye and a microplate reader [ 6 ]. Orange 
G was added to three different matrices: (a) pooled fresh serum, 
(b) 50:50 methanol:water, and (c) acetonitrile with 1 % (vol/vol) 
formic acid to verify pipetting performance for the serum, internal 
standard, and second precipitation reagent steps, respectively.  

   LC autosampler and pump preventative maintenance by the ven-
dor (PM) was originally scheduled for once/year, but was eventu-
ally increased to four times/year. The stream select, loading, and 
divert valves did not have a scheduled PM; eventually a PM twice/
year was scheduled. ALH PM was originally scheduled for twice/
year, eventually increased to four times/year. MS/MS PM was 
scheduled for twice/year and no change was necessary.   

4    Notes 

     1.    Methanol concentrations <50 % for the working internal stan-
dard matrix were associated with decreased internal standard 
recovery (lower peak areas) as compared to methanol con-
centrations between 50 and 100 %. The goal for the working 
internal standard matrix was to minimize precipitation of 
serum  proteins   when adding internal standard to serum and 
to reduce the evaporation rate from the internal standard 
container (residing on the ALH deck for several hours) by 
using the lowest feasible methanol concentration. To further 
minimize evaporation of the working internal standard dur-
ing the 4–6 h necessary to process 10–15 plates, Hamilton 
Co. designed and manufactured a custom lid for the internal 
standard container that could be removed and replaced as 

3.5  Liquid Handler 
Volume Verifi cation

3.6  Preventative 
Maintenance Intervals

   Table 2  
  MRM parameters   

 Analyte  Q1  m / z   Q3  m / z   Dwell time (ms)  Purpose 

 25-Hydroxy vitamin D3 (-H 2 O)  383.3  211.3  15  D3 Quantifi er 

  25-Hydroxy vitamin D3   (-H 2 O)  383.3  229.2  15  D3 Qualifi er 

 25-Hydroxy vitamin D3-d6 (-H 2 O)  389.3  211.3  15  D3 Internal Standard 

 25-Hydroxy vitamin D2 (-H 2 O)  395.3  269.2  15  D2 Quantifi er 

  25-Hydroxy vitamin D2   (-H 2 O)  395.3  211.3  15  D2 Qualifi er 

 25-Hydroxy vitamin D2-d3 (-H 2 O)  398.3  272.3  15  D2 Internal Standard 
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needed by one of the 8 pipettor channels on the Hamilton 
STARlet model ALH. 
    We initially tested 25-hydroxy vitamin D2 labeled with six 
instead of with three deuteriums (M + H = 419  m / z ) as an 
internal standard, but found that loss of water (−18  m / z ) in 
the source produced a precursor ion with the same mass as 
unlabeled 25-hydroxy vitamin D3 (401  m / z ). Adjusting source 
temperature and gas fl ows reduced, but did not eliminate sig-
nal at 401  m / z , so 25-hydroxy vitamin D2-d3 
(M + H − H 2 O = 398) is used instead.   

   2.    The default confi guration for the AB Sciex-MPX ® —Shimadzu 
dual- multiplexing   LC stack is with a Prominence model col-
umn oven. Substitution of the Nexera model column oven 
(CTO-30A), with a height of 8.3 in. as compared to the 16.3 in. 
height of the Prominence column oven, allows all seven LC 
components to be stacked in three columns rather than four 
columns. The shorter distance between LC components leads 
to a decrease in length of the PEEK LC tubing connecting the 
components and therefore a decrease in extra- column dead vol-
ume, yielding higher effi ciency (narrower peaks, lower quanti-
tation limits) and the capability to run faster gradients (Fig.  1 ). 
The Nexera oven was redefi ned in the oven fi rmware as a 
Prominence model, in order to communicate correctly with the 
other LC components and AB Sciex software.

       3.    A standardized naming structure and extraction order for plate 
barcodes facilitates information transfer and allows pre- 
designation of the intended location for each plate on one of the 
three  LC-MS/MS   systems. The plate barcode is also the fi le 
name for the plate map. The barcode includes the date of extrac-
tion (MMDDYY) and specifi es location of the plates to be tested 
on each LC-MS/MS. The LC-MS/MS system is A, B or C; the 
Stream Number on that LC-MS/MS is S1 or S2; and the Plate 
Position within the rack changer for that stream is PP01 through 
PP12. For example: 051211_B_S1_PP02 would be Plate 
Position 2 on Stream 1, LC-MS/MS B, extracted on 5/12/11. 
The order for parallel processing of plates on the two STARlet 
liquid handlers (defi ned in the SOP by the order in which bar-
coded plates are loaded in the plate stackers) is optimized to 
complete extraction of two start-up plates (one plate for each 
stream is needed in order to start the run) for all three  LC-MS/
MS   systems in the shortest possible time. As the step that limits 
throughput for the process is the LC-MS/MS (4–6 h to extract 
all samples but 16–22 h to inject all samples)—starting all 
LC-MS/MS runs as early as possible is critical to successful 
workfl ow. The advantage of designating the plate locations 
before extraction, as well as the order in which plates are 
extracted, is the capability to optimize and then rigorously stan-
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  Fig. 1    ( a ) Shimadzu MPX ®  LC stacks with modifi ed confi guration, using the Nexera model column oven (8.3″ 
high). ( b ) Shimadzu MPX ®  LC stacks with default confi guration, using the Prominence model column oven 
(16.3″ high)         
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dardize the extraction and LC-MS/MS batch submission 
 workfl ows for the best throughput. The disadvantage is the need 
to relabel plates, rename plate map fi les, and retransmit plate 
maps from the liquid handler to the DI middleware if a plate has 
to be relocated because an LC stream is out of service.   

   4.    The fi rst and last plate for each LC stream contains a set of six 
calibrators and blanks. Calibrator tubes are recognized as stan-
dards by the various software applications through the use of a 
prefi x (STD_) in the barcode label. All three levels of QC 
material are placed on every plate but in wells/in an order 
unique to each plate extracted on each liquid handler and 
defi ned in the procedure. QC tubes are recognized as quality 
control samples by the various software applications through 
the use of a prefi x (QC_) in the barcode label. As a precaution 
against sample misidentifi cation—the expected versus observed 
location/order of QC results are checked during data analysis 
to verify that the correct plate was placed with the correct ori-
entation in the correct plate position of the rack changer on 
the correct  LC-MS/MS   system.   

   5.    The carbonized pipet tips move down into the tube seeking 
the liquid surface with capacitance level sensing and once 
detected, descend several millimeters below the meniscus 
before aspirating. The 8 pipet channels can adjust to different 
heights, as needed, for pipetting from levels of serum that vary 
between tubes (Z-span capability). The pressure pattern dur-
ing aspiration is monitored (TADM) and compared to a refer-
ence pattern to detect clots and notify the user of pipetting 
errors. TADM can be customized with user defi ned parameters 
for optimal clot detection. If a clot is detected—the remaining 
seven samples are delivered to the wells but the well intended 
for that sample remains empty. The analyst is notifi ed with a 
screen message and a printed report listing the sample ID and 
rack position of the clotted sample. After a plate is completed, 
the sample racks move off the deck back out to the autoload 
tray, the clot can be removed and the sample can be placed in 
a new rack position. 
    Initially the robot was programmed to respond to clot 
detection with a pause after serum aspiration before delivering 
the other seven samples to the plate. The rack with the clotted 
sample would move back off the deck to the front autoload 
tray so the analyst could inspect and remove the clot before 
returning the sample and tray to the deck. Another attempt 
would be made by the robot to successfully pipet the problem 
sample and serum could then be delivered to all eight wells at 
once (recovery from a clotted sample without wasting a well). 
However—we found if there was too much delay by the ana-
lyst in returning the rack to the deck—the aspirated serum 
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could drip out of the other seven pipet tips, causing a false low 
result. The programmed response to a clotted sample was then 
revised as described.   

   6.    The plate map is automatically transferred by the liquid han-
dler software to DI middleware (using the Instrument Manager 
Hamilton STAR, STARlet, STARPlus Worklist driver) and 
reformatted there using the DI Worklist Generator module to 
match with the AB Sciex Cliquid ®  sample table. Nominal con-
centrations for the current lot of calibrators are automatically 
added to the sample table in DI when it is reformatted. The 
plate map cannot be displayed in the DI middleware 
(Instrument Manager); therefore a .txt copy of the fi le, for easy 
reference via MS Excel, is written to an archive directory on 
the liquid handler C drive.   

   7.    One of the replicate barcode labels is applied to an empty 
1 mL, conical bottom, polypropylene, 96-well plate—the 
matching collection (injection) plate for those samples. The 
other replicate barcode label is applied across the handles of 
the three racks of 32 samples each (total 96) that were sam-
pled for that plate. The three sample tube racks are clamped 
together using a custom designed stainless steel handle and 
covered with parafi lm for storage. Samples stored in this man-
ner are simple to transport and resistant to tipping to one side, 
and can be stacked with a minimal footprint in the refrigera-
tor. Samples needed for repeat testing are easily located by the 
plate barcode and well ID (mapped to sample rack position 
and rack ID).   

   8.    We experienced sporadic problems with incomplete shucking 
of the acetonitrile wide bore tips because of static cling by tips 
to the 96-channel pipet head. Numerous strategies to reduce 
static charge on the deck were tested; none worked. Avoiding 
tip boxes that were individually wrapped in plastic and limiting 
the number of times the Acetonitrile tips were reused (maxi-
mum ten times) reduced the problems with static.   

   9.    The original protocol called for addition of serum and precipi-
tation reagent directly to the wells of the Hybrid SPE ®  plate, 
rather than in the sample plate. This protocol worked with fro-
zen/thawed samples and calibrators, but with fresh patient 
serum we found that a few wells in each Hybrid SPE ®  plate 
became clogged with precipitated  protein   such that fi ltrate did 
not fl ow through to the collection plate. Precipitation in the 
sample plate followed by off-deck centrifugation and transfer 
of clear supernatant to the Hybrid SPE ®  plate prevented clog-
ging, but was too cumbersome for routine production. A 
4-min pause after precipitation/mixing in the sample plate, 
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followed by aspiration of only the upper third of the cloudy 
precipitate mixture left larger precipitates in the bottom of the 
sample plate, prevented clogging in the Hybrid SPE ®  plate, 
and allowed the entire extraction to be performed by the robot 
on the ALH deck.   

   10.    Daily LC-MSMS maintenance
   (a)    Check for suffi cient volume of mobile phases and LC wash 

solutions.   
  (b)    Prime all mobile phases, prime autosampler needle wash if 

not used for >24 h.   
  (c)    If necessary—empty mobile-phase waste container.   
  (d)    Check the number of injections/column and change col-

umns if necessary.   
  (e)    Clean the MSMS curtain plate and orifi ce with 50:50 

methanol:H 2 O and an ultraclean sponge swab. Note that 
the hardware profi le must be deactivated before removing 
the ion source. The curtain plate is handled only with a 
linen cloth and nitrile gloves to avoid contaminants. 
Cotton swabs and paper wipes of any kind are avoided to 
prevent fi bers becoming caught in the orifi ce.   

  (f)    The LC pressures for both streams and for the loading 
pump are recorded after the LC has equilibrated and dur-
ing the same carefully defi ned time interval of the injec-
tion cycle each day. A change in pressure > 300 psi (21 bar) 
from the previous day is cause for checking for a leak or a 
source of overpressure.   

  (g)    The SST is three injections of unextracted standard on 
each stream. The SST is run and evaluated after 30 min of 
discard injections to thermo-equilibrate the APCI source. 
The average of the three unextracted standard injections 
for each stream are recorded in a spreadsheet and evalu-
ated against a minimum threshold and for downward 
trends.       

   11.    After several months of use, the plastic tabs of the plate racks 
used in the rack changers proved to be inadequate to retain 
both sides of the plate fl at on the rack during injection. 
When the injector pressed down on one side of the plate—
the other side of the plate would tilt up. When the injector 
reached the wells on the tilted edge of the plate—a needle 
protect error occurred, presumably because when the needle 
descended to the defi ned depth before aspirating, it would 
hit the side or bottom of the well. AB Sciex modifi ed the 
racks with metal clips that retained the plate more fi rmly in 
the rack.         

High Throughput 25-hydroxy Vitamin D
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    Chapter 33   

 Quantitation of 25-OH-Vitamin-D 2  and 25-OH-Vitamin-D 3  
in Urine Using LC-MS/MS       

     Dean     C.     Carlow      ,     Ryan     C.     Schofi eld    , and     Michelle     Denburg     

  Abstract 

   Patients with signifi cant proteinuria represent a unique population with respect to vitamin D status due to 
the urinary losses of vitamin D-binding protein (DBP) to which >99 % of circulating 25-hydroxy vitamin 
D (25(OH)D) is bound. Low serum concentrations of 25(OH)D have been found in children and adults 
with nephrotic syndrome (NS). However, previously described assays developed to quantify the magnitude 
of urinary loss are technically challenging. This chapter describes a simple and sensitive method to quantify 
25(OH)D 2  and 25(OH)D 3  in urine specimens in a single analytical LC-MS/MS analysis. This assay is 
more sensitive than previously described radioimmunoassays and offers the ability to quantitate both forms 
of 25-hydroxy vitamin D. The assay involves no chemical derivitization, has a linear measurement range of 
20–1500 pg/mL and displays imprecision (CVs) below 7 % at various concentrations across the analytical 
measurement range.  

  Key words      25-Hydroxy vitamin D 2     ,    25-Hydroxy vitamin D 3     ,    Mass spectrometry    ,    Liquid chromatog-
raphy    ,    Nephrotic syndrome    ,   Urine  

1      Introduction 

 Vitamin D defi ciency is common worldwide, and its adverse effects 
extend beyond bone and mineral metabolism. Numerous studies 
have demonstrated associations with mortality, cardiovascular dis-
ease,  insulin   resistance, diabetes, autoimmunity, infection, and 
infl ammation [ 1 ]. The kidney plays a major role in vitamin D 
homeostasis, and vitamin D defi ciency in turn may contribute to 
podocyte injury [ 2 ,  3 ]. Vitamin D metabolites circulate highly 
bound, either to vitamin D-binding protein (DBP, 85–88 %) or 
 albumin  , with <1 % in their free forms [ 4 ]. In the kidney, vitamin 
D-DBP complexes are freely fi ltered by the glomerulus and reab-
sorbed via megalin/cubilin-mediated endocytosis in the proximal 
tubule. The conversion of  25-hydroxy vitamin D   (25(OH)D) to 
 1,25-dihydroxy vitamin D   depends on this endocytic pathway [ 5 ], 
and animal studies have shown that blocking it has considerably 
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greater adverse effects on mineral metabolism and bone health 
than DBP defi ciency [ 6 ,  7 ]. 

 Patients with  nephrotic syndrome   (NS) present unique 
 challenges to the assessment of vitamin D status. NS is the most 
common chronic kidney disease in childhood, and glomerular 
 diseases associated with NS and nephrotic-range proteinuria are 
leading causes of end-stage kidney disease in children and young 
adults. Many small studies have documented very low 25(OH)D 
concentrations in patients with NS [ 8 – 16 ], attributed to the 
 urinary loss of DBP and  albumin  , however the pathophysiology 
is poorly understood. Most of these studies reported low serum 
DBP concentrations in NS [ 8 ,  11 ,  12 ]. Studies that directly quan-
tify urinary loss of 25(OH)D, rather than DBP, in NS are very 
limited and involved the use of radioactive tracers [ 11 ,  14 ]. 

 The ability to reliably quantify urinary loss of 25(OH)D is 
 fundamental to understanding aberrant vitamin D homeostasis in 
the setting of proteinuria. Previously reported methods employed 
for quantifying urinary vitamin D metabolites have involved labori-
ous procedures not amenable to  high-throughput   analysis [ 14 ,  17 ]. 
This chapter describes a simple and sensitive method to quantify 
25(OH)D 2  and 25(OH)D 3  in urine specimens in a single analytical 
 LC-MS/MS   run. This assay is more sensitive than previously 
described radioimmunoassays and offers the ability to quantitate 
both forms of  25-hydroxy vitamin D   with a higher  throughput  .  

2    Materials 

   Urine samples are acceptable for this procedure. Samples are stable 
10 days when refrigerated or 4 months when frozen at −20 °C.  

       1.    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.   

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

   3.    Wash Solvent (water:2-propanol, 7:3 v/v): In a 500 mL gradu-
ated cylinder, add 350 mL of water and 150 mL of 2-propanol 
and transfer into a  HPLC   wash bottle. Degas the solution for 

2.1  Samples

2.2  Solvents 
and Reagents
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5 min by sonication. The solution is stable at room tempera-
ture, 18–24 °C, for 1 month.   

   4.    Needle 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 sonica-
tion. The solution is stable at room temperature, 18–24 °C, for 
1 month.   

   5.    Sample elution solvent (hexanes/ethyl acetate, 8:2 v/v): In a 
500 mL graduated cylinder, add 400 mL of hexanes and 
100 mL of 2-propanol and transfer into a  HPLC   wash bottle. 
Degas the solution for 5 min by sonication. The solution is 
stable at room temperature, 18–24 °C, for 1 month.   

   6.    Reconstitution solvent (mobile phase A/mobile phase B, 
6:4 v/v): Using a 500 mL graduated cylinder add 300 mL 
mobile phase A and 200 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 at room tempera-
ture, 18–24 °C, for 1 month.      

       1.    Primary standards:  25-hydroxy vitamin D 2    and 25-hydroxy 
vitamin  D 3    (Sigma-Aldrich).   

   2.    Primary internal standards (I.S.):  25-Hydroxy vitamin D 2    (26, 
26, 26, 27, 27, 27-d 6 ) and  25-hydroxy vitamin D 3    (26, 26, 26, 
27, 27, 27-d 6 ) (Medical Isotopes, Inc.).   

   3.    Internal standard solutions:
   (a)    Internal standards stock solution (10 μg/mL): Weigh 

1 mg each of 25(OH)D 2 -d 6  and 25(OH)D 3 -d 6  and trans-
fer into a 100 mL volumetric fl ask. Bring to volume with 
methanol and mix well. The solution is stable for 1 year 
when stored at −80 °C.   

  (b)    Internal standards working solution (500 pg/mL): Add 
approximately 75 mL of methanol into a 100 mL volumet-
ric fl ask. Add 5 μL of the internal standard solution (10 μg/
mL) to the same volumetric fl ask. Bring to volume with 
methanol and mix well. The Internal Standard Working 
Solution is stable for 1 year when stored at −80 °C.       

   4.    Standard stock solutions:
   (a)     25-Hydroxy vitamin D 2    (approximately 20 μg/mL): 

Weigh 1 mg of 25(OH)D 2  and transfer into a 50 mL volu-
metric fl ask. Bring to volume with methanol and mix well. 
 Determine the precise concentration by measuring the 
absorbance using a UV-Vis spectrophotometer set at a 
wavelength of 264 nm. The solution is stable for 1 year 
when stored at −80 °C ( see   Note 1 ).   

2.3  Internal 
Standards 
and Standards
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  (b)     25-Hydroxy vitamin D 3    (approximately 20 μg/mL): 
Weigh 1 mg of 25(OH)D 3  and transfer into a 50 mL 
 volumetric fl ask. Bring to volume with methanol and mix 
well. Determine the precise concentration by measuring 
the absorbance using a UV-Vis spectrophotometer set a 
wavelength of 264 nm. The solution is stable for 1 year 
when stored at −80 °C ( see   Note 1 ).       

   5.    Working stock solution:
   (a)    Working standard (approximately 200 ng/mL 25(OH)D 2  

and 25(OH)D 3 ).   
  (b)    Add 1 mL of both 25(OH)D 2  and 25(OH)D 3  from their 

respective standard stock solutions into a 100 mL volumet-
ric fl ask. Bring to volume with methanol and mix well. The 
solution is stable for 1 year when stored at −80 °C.          

       1.    Calibrators: six calibrators are used when generating a standard 
calibration curve with the following concentrations: 20, 100, 
250, 1000, and 1500 pg/mL ( see   Note 2 ). All calibrators 
are prepared by diluting working stock solution into pooled 
vitamin D-free urine and will be prepared by following Table  1 . 
The calibrators are stable for 4 months when stored at −20 °C.

       2.    Check the new lot of calibrators by verifying fi ve unknown 
patient specimen with the current lot of calibrators. The agree-
ment between the two calculated concentrations must be 
within 15 %.   

   3.    Controls: Prepare high and normal control materials by 
 pooling previously analyzed samples. The high-quality control 
material may be prepared by the addition of 25(OH)D 2  and 

2.4  Calibrators 
and Controls

   Table 1  

  Calibrator preparation   

 Calibrator 
 Vol. of 200 ng/mL 
stock added (µL) 

 Vol. of MeOH 
added (µL) 

 Urine added 
(µL) 

 Total 
vol. (mL) 

 Approx. fi nal 
conc. (pg/mL) a  

 1    0  750  99,250  100     0 

 2   10  740  99,250  100    20 

 3  125  625  99,250  100   250 

 4  250  500  99,250  100   500 

 5  500  250  99,250  100  1000 

 6  750    0  99,250  100  1500 

   a Values are approximate and based on gravimetric determination; actual values are determined at 264 nm as described 
in the text  
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25(OH)D 3  to pooled normal urine. The controls are stable for 
4 months at −20 °C.   

   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.      

       1.    Prominence LC-20 (Shimadzu) coupled to an Applied 
Biosystems API 5000 triple quadrupole mass  spectrometer   
(AB Sciex).   

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

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

   4.    TurboVap LV evaporator (Biotage).   
   5.    CEREX 48 positive pressure manifold (SPEware).   
   6.    Trace-N SPE cartridge, 3CC (SPEware).      

       1.    High-performance liquid chromatography ( HPLC  ): A 
Schimadzu Prominence LC-20 system consisted of an autos-
ampler, column oven, and two micro pumps. Chromatographic 
separations of 25(OH)D 2  and 25(OH)D 3  as well as the 
internal standard were achieved using a 50 × 2.0 mm i.d., 
3 μm particle size Gemini C 18  column maintained at 45 °C. 
mobile phase A consisted of 1 % methanol in water and 
2.5 mM ammonium formate, and mobile phase B consisted 
of methanol and 2.5 mM ammonium formate. The HPLC 
method is described in Table  2 . The injection volume is 
50 μL ( see   Note 4 ), 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.

2.5  Analytical 
Equipment 
and Supplies

2.6  Instrument 
Operating Conditions

   Table 2  

   HPLC   method   

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

 1  1.0  250  25  75 

 2  6.0  250  5  95 

 3  6.1  300  5  95 

 4  6.5  300  5  95 

 5  6.6  300  25  75 

 6  7.5  300  25  75 
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       2.     Tandem mass spectrometry  : Mass spectrometric detection 
was performed using an Applied Biosystems API 5000 triple 
quadrupole mass  spectrometer   equipped with an electrospray 
ionization (ESI) source operating in a positive ion mode. 
 Multiple reaction monitoring   (MRM) was selected for  detection 
of 25(OH)D 2  and 25(OH)D 3  and their respective internal 
standards with a dwell time of 250 ms (Fig.  1 ). As shown in 
Table  3 , two mass transitions were monitored for each analyte. 
The tune parameters used for data acquisition were: source 
temperature of 300 °C; collision activation dissociation (CAD) 
gas value of 3; curtain gas of 20 psi; nebulizer gas of 35 psi; 

  Fig. 1    LC-ESI-MS/MS ion chromatograms of 25(OH)D 2 , 25(OH)D 3 , 25(OH)D 2 -d 6 , and 25(OH)D 3 -d 6  primary and 
secondary product ions from a patient sample       

    Table 3  

  Analyte precursor and product ions ( m / z )   

 Analyte 
 Precursor 
ion 

 1° product 
ion 

 2° product 
ion  CE (V) 

 25(OH)D 2   413.2  395.2  355.2  17 

 25(OH)D 3   401.2  383.2  365.2  17 

 25(OH)D 2 -d 6   419.3  401.2  N/A  17 

 25(OH)D 3 -d 6   407.3  389.3  N/A  17 

  Optimized  m / z  may change based on instrument and tuning parameters  
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heating gas of 30 psi; and a spray voltage of 4800 V. The DP, 
EP, CXP, CEM, and DF were 52, 13, 24, 2200, and 100 V, 
respectively. 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 3 ).   

   2.    Aliquot 5 mL of samples (calibrators, controls, or patient 
 specimen) into the corresponding labeled centrifuge tubes.   

   3.    Add 50 μL of the internal standard solution (500 pg/mL 
25-hydroxy vitamin D 2 -d 6  and 25-hydroxy vitamin D 3 -d 6  in 
methanol).   

   4.    Add 5 mL of methanol and vortex mix for 1 min.   
   5.    Centrifuge samples for 10 min at 2500 ×  g .   
   6.    Condition the Trace-N SPE cartridge with 0.5 mL of metha-

nol and 0.5 mL of water. Slowly load the sample supernatant 
onto the cartridge.   

   7.    Wash cartridges with 1 mL of the wash solvent and then 
dry the cartridge in the CEREX 48 with nitrogen set at a 
maximum fl ow for 5 min.   

   8.    Elute samples with 1 mL of elution solvent.   
   9.    Evaporate the samples to dryness in the TurboVap under 

 nitrogen at 40 °C for 6 min.   
   10.    Reconstitute the samples with a 100 μL of the reconstitution 

solvent and vortex mix thoroughly.      

       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 
 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  3 .   

   3.    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 runs. If any of the controls are greater than 3 standard 
deviations the run cannot proceed and troubleshooting 
 procedures must commence.   

   4.    Typical coeffi cients of correlation of the standard curve are 
>0.95 ( see   Note 5 ).       

3.1  Stepwise 
Procedure

3.2  Data Analysis
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4    Notes 

     1.    To determine the concentrations of the stock solutions by 
UV light at 264 nm the molar extinction coeffi cient of 
18,300 M −1  cm −1  is used. The fi nal concentrations are assigned 
based on the UV reading.   

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

   3.    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.   

   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) were less than 
7 % for all analytes. The calibration curves were linear over the 
AMR with correlation coeffi cients  r  ≥ 0.95. The AMR for 
25(OH)D 2  and 25(OH)D 3  was 20–1500 pg/mL. The LOQ 
for both analytes was determined to be 20 pg/mL. Recovery 
studies yielded recoveries of 81–89 % at various concentrations 
across the AMR for both analytes [ 18 ]. A cross-sectional study 
of 20 NS patients and 30 healthy control patients (3–40 years) 
showed that 25(OH)D was undetectable (<20 pg/mL) in all 
healthy controls and the mean 25(OH)D for NS patients was 
197 pg/mL, with a range from 64 to 685 pg/mL [ 19 ].         
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