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Foreword

Journal Content Highlights

Bioanalysis Zone Highlights

We are pleased to present the 2016 edition of The Collectables: Year in Bioanalysis – a special 
supplement, highlighting content from the journal Bioanalysis and Bioanalysis Zone picked by the 
editors.

Bioanalysis publishes a variety of articles covering key advances in this ever-evolving field 
and 2016 saw a range of articles featuring in our most-read content. We saw several 
Research Articles presenting novel work and important advancements in the understanding 
of techniques, and Review articles highlighting recent significant advances in research, 
ongoing challenges, continue to be well received by our readers. Our free-to-view meeting 
reports and recommendation papers also proved to be popular articles in 2016.

With the aim of highlighting current and happening themes in the field of bioanalysis, 
we published several Special Focus Issues in 2016 on the topics ‘Microscale Bioanalysis’, 
‘Immunoaffinity MS’, ‘HRMS in DMPK’ and a two-part series on ‘Bioanalysis of 
Biomarkers’. We have a number of exciting themed issues planned for 2017, with the first 
issue of 2017 itself being a Special Focus Issue on ‘Methods and Techniques for Metabolic 
Phenotyping’.

Bioanalysis Zone is the online home of bioanalysis: we bring together the latest bioanaltyical 
news, views, research and products in one place, and provide a forum for the community to 
discuss the developments of this fast-moving field. In 2016 we focused on a variety of ‘hot 
topics’ with our special 3-month Spotlight features: ‘Large molecules by LC–MS’, ‘Hybrid 
LBA-LC-MS’ and ‘Quantitative HMRS’. We saw exclusive interviews and commentaries 
from opinion leaders working within academia and the pharmaceutical industry in our 
‘Ask the Experts’ feature on ‘Microsampling’ and ‘Biomarkers’. 

A highlight of 2016 was the independent Roundtable Discussions organized jointly 
by Bioanalysis and Bioanalysis Zone and held in Orlando, USA (April) and Barcelona, 
Spain (November) in which bioanalytical experts from Pharmaceutical Companies and 
Contract Research Organizations were brought together to discuss topical issues faced by 
the bioanalytical community and the changing world of bioanalysis, respectively. 

In 2017 Bionalaysis and Bioanalysis Zone will continue to be at the forefront of bioanalysis 
with exciting new content and features, in line with key advances in the field, reported 
and analyzed by experts, providing an authoritative but accessible forum for the modern 
bioanalyst.

We hope you enjoy the supplement. 

Sankeetha Nadarajah
Managing Commissioning Editor
s.nadarajah@future-science.com

Naamah Maundrell
Editor, Bioanalysis Zone
n.maundrell@future-science.com
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The 2016 10th Workshop on Recent Issues in Bioanalysis (10th WRIB) took place in 
Orlando, Florida with participation of close to 700 professionals from pharmaceutical/
biopharmaceutical companies, biotechnology companies, contract research 
organizations, and regulatory agencies worldwide. WRIB was once again a 5-day, 
weeklong event – A Full Immersion Week of Bioanalysis including Biomarkers and 
Immunogenicity. As usual, it is specifically designed to facilitate sharing, reviewing, 
discussing and agreeing on approaches to address the most current issues of interest 
including both small and large molecules involving LCMS, hybrid LBA/LCMS, and LBA 
approaches, with the focus on biomarkers and immunogenicity. This 2016 White 
Paper encompasses recommendations emerging from the extensive discussions held 
during the workshop, and is aimed to provide the bioanalytical community with 
key information and practical solutions on topics and issues addressed, in an effort 
to enable advances in scientific excellence, improved quality and better regulatory 
compliance. This White Paper is published in 3 parts due to length. This part (Part 2) 
discusses the recommendations for Hybrid LBA/LCMS and regulatory inputs from 
major global health authorities. Parts 1 (small molecule bioanalysis using LCMS) and 
Part 3 (large molecule bioanalysis using LBA, biomarkers and immunogenicity) have 
been published in the Bioanalysis journal, issues 22 and 23, respectively.

First draft submitted: 30 September 2016; Accepted for publication: 3 October 2016; 
Published online: 18 November 2016

Introduction
This year marked the 10th anniversary edi-
tion of the Workshop on Recent Issues in 
Bioanalysis (10th WRIB), which was held 
in Orlando, Florida from April 18–22, 2016. 
Nearly 700 professionals from pharmaceuti-
cal/biopharmaceutical companies, biotech-
nology companies, contract research orga-
nizations (CROs), and regulatory agencies 
worldwide were in attendance. In addition 
to the three focused and sequential workshop 
days, there were six advanced training ses-
sions throughout the week providing attend-
ees multiple choices to combine core work-
shop days and training, thereby maximizing 
their learning process in many fields of drug 
development expertise. As with prior WRIBs, 
this 10th edition was specifically designed 
to facilitate sharing, reviewing, discussing 
and agreeing upon scientific and regulatory 

approaches to address the most recent issues 
in both small and large molecule bioanalysis, 
biomarkers and immunogenicity. The areas 
of interest included LCMS, hybrid LBA/
LCMS as well as LBA/cell-based approaches.

The chairs of the 2016 edition of the 
WRIB included Dr Eric Yang (GlaxoSmith-
Kline), Dr Jan Welink (EMA), Dr An Song 
(Genentech), Dr Fabio Garofolo (Angelini 
Pharma), Dr Susan Richards (Sanofi), Dr 
Lakshmi Amaravadi (Sanofi) and Dr Renuka 
Pillutla (Bristol-Myers Squibb).

As usual, a number of regulatory agency 
representatives contributed actively to the 
10th WRIB, including Dr Sam Haidar (US 
FDA), Dr Nilufer Tampal (US FDA), Dr 
John Kadavil (US FDA), Dr Kara Scheibner 
(US FDA), Dr João Pedras-Vasconcelos (US 
FDA), Dr Jan Welink (EU EMA), Dr Ron-
ald Bauer (Austria AGES), Mr Jason Wake-

2016 White Paper on recent issues in 
bioanalysis: focus on biomarker assay 
validation (BAV): (Part 2 – Hybrid LBA/
LCMS and input from regulatory agencies)

An Song1, Anita Lee2, Fabio 
Garofolo*,3, Surinder Kaur1, 
Jeff Duggan4, Christopher 
Evans5, Joe Palandra6, 
Lorella Di Donato7, Keyang 
Xu1, Ronald Bauer8, Mark 
Bustard9, Linzhi Chen4, 
Laurent Cocea9, Stephanie 
Croft10, Fabrizio Galliccia11, 
Sam Haidar12, Nicola 
Hughes13, Akiko Ishii-
Watabe14, Rafiqul Islam15, 
Barry Jones16, John Kadavil12, 
Carsten Krantz17, Gustavo 
Mendes Lima Santos18, 
Timothy Olah19, João Pedras-
Vasconcelos12, Ludovicus 
Staelens20, Yoshiro Saito14, 
Natasha Savoie21, Kara 
Scheibner12, Susan Spitz22, 
Nilufer Tampal12, Eric 
Thomas23, Stephen Vinter24, 
Jason Wakelin-Smith24, Jan 
Welink25, Jianing Zeng19 & 
Shaolian Zhou26

*Author for correspondence:  

Tel.: +39 06 910 45 277 

f.garofolo@angelini.it

Author affiliations can be found at the 

end of this article.

The views expressed in this article 

are those of the authors and do not 

reflect official policy of the US FDA, 

EU EMA, Health Canada, UK MHRA, 

Austria AGES, Italy AIFA, Brazil ANVISA, 

Japan MHLW and WHO. No official 

endorsement by the FDA, EMA, Health 

Canada, MHRA, AGES, AIFA, ANVISA, 

MHLW or WHO is intended or should be 

inferred.

Special Focus Issue – Bioanalysis of Biomarkers: Part 2

Biomarkers
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lin-Smith (UK MHRA), Mr Stephen Vinter (UK 
MHRA), Dr Fabrizio Galliccia (Italy AIFA), Mr Gus-
tavo Mendes Lima Santos (Brazil ANVISA), Dr Mark 
Bustard (Health Canada), Dr Laurent Cocea (Health 
Canada), Dr Akiko Ishii-Watabe (Japan MHLW-
NIHS), Dr Yoshiro Saito (Japan MHLW-NIHS) and 
Ms Stephanie Croft (WHO).

The entire workshop was designed to complete the 
drafting of this White Paper based on the daily work-
ing dinners and open panel discussions among the lec-
turers, regulators and attendees. Each core workshop 
day covered a wide-range of bioanalytical, biomarker 
and immunogenicity topics requested by members of 
the community, and included lectures from industry 
opinion leaders and regulatory representatives.

As with prior WRIB editions [1–12], a significant 
number of topics were addressed during the workshop 
and condensed into a series of relevant recommenda-
tions. In this current White Paper, the exchanges, con-
sensus and resulting recommendations on 32 recent 
issues (‘hot’ topics) in bioanalysis, biomarkers and 
immunogenicity are presented. These 32 topics are 
distributed across the following areas:

Small molecules, peptides and small molecule bio-
markers by LCMS:

• Method development challenges in bioanalysis (six 
topics);

• Bioanalytical regulatory challenges (five topics);

• Hybrid LBA/LCMS for biotherapeutics, biomark-
ers and immunogenicity:

 – Biomarker and immunogenicity assays (four 
topics);

 – PK assays (four topics);

• Large molecules by LBA and cell-based assays:

 – Immunogenicity (five topics);

 – Biomarkers (four topics);

 – PK assays (four topics).

In addition to the recommendations on the afore-
mentioned topics, an additional section has been 
provided in the current White Paper that specifically 
focuses on key inputs from regulatory agencies.

Due to its length, the 2016 edition of this com-
prehensive White Paper has been divided into three 
parts for editorial reasons. This publication (Part 2) 
covers the recommendations for Hybrid LBA/LCMS 
and Regulatory Agencies’ Inputs. Part 1 (Small Mol-
ecule, Peptides and Small Molecules Biomarkers using 

Acronyms

Abbreviation Definition

ADA Anti-drug antibody

ADC Antibody–drug conjugate

AMED Japan Agency for Medical Research and 
Development

ANDA Abbreviated New Drug Application

API Active Pharmaceutical Ingredient

BA Bioavailability

BCS Biopharmaceutics Classification System

BE Bioequivalence

BLA Biologics License Applications

BMV Bioanalytical method validation

CDR Complementarity Determining Regions

CRO Contract research organization

CTA Clinical Trial Application

ELISA Enzyme-Linked Immunosorbent Assay

ELN Electronic Laboratory Notebook

GCP Good Clinical Practice

GCLP Good Clinical Laboratory Practice

GLP Good Laboratory Practices

HRMS High Resolution Mass Spectrometry

IA Immunoaffinity

IND Investigational New Drug

LBA Ligand Binding Assay

LCMS Liquid chromatography mass spectrometry

LOD Lower Limit of Detection

LLOQ Lower limit of quantitation

LIMS Laboratory Information Management System

mAb Monoclonal antibody

MRD Minimum Required Dilution

MRM Multiple Reaction Monitoring

NDS New Drug Submission

PBS Phosphate-Buffered Saline

PD Pharmacodynamic

PK Pharmacokinetic

PrD Proteolytic Digestion

PTM Post-translational modifications

QA Quality Assurance

QC Quality control

SIL Stable Isotope Labeled

SISCAPA Stable Isotope Standard Capture with Anti-Peptide 
Antibodies

SOP Standard Operating Procedure

WRIB Workshop on Recent Issues in Bioanalysis
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LCMS) and Part 3 (Large Molecule Bioanalysis using 
LBA/Cell-based Assays, Biomarkers and Immunoge-
nicity) are published in volume 8 of Bioanalysis, issues 
22 and 23 (2016), respectively.

Discussion Topics

Biomarkers & immunogenicity assays

Biomarkers in solid tissues: benefits of hybrid 
LBA/LCMS & specific sample preparation 
techniques designed to minimize interferences
With hybrid LBA/LCMS or LCMS only methods, 
what are the best practices for sample processing, 
weighing of tissue, homogenization techniques, and 
pulverization versus sectioning of different tissue 
types? What are the best approaches for stability evalu-
ations in prepared lysate, buffer selection, and storage 
conditions? What are the best practices for recovery 
and matrix effects, dilution linearity, sequential IA, 
and impact of lipids? What is the industry best practice 
in harvesting/freezing samples to preserve protein bio-
marker integrity, sample sourcing and normalization?

Successful validation of sensitive confirmatory 
protein biomarker assays by hybrid LBA/LCMS: 
practical recommendations to meet regulatory 
requirements
What is the importance of the use of SIL standards for 
hybrid LBA/LCMS biomarker assay validation versus 
other approaches? In cases when a surrogate tryptic pep-
tide is used to quantitate a full-length protein analyte, 
what are the differences/caveats for using a full-length 
labeled protein as an internal standard compared to a 
winged peptide (with tryptic sites flanked by a few 
amino acids) compared to a fully tryptic labeled pep-
tide? Have any comparisons been made to quantitate 
the same protein using all three approaches mentioned 
above? How well do full-length recombinant labeled 
proteins mimic/control for endogenous analytes? What 
are some criteria (in addition to correlation, Bland-
Altman plots) that can be used to determine whether 
a hybrid LBA/LCMS assay and LBA assay can be used 
interchangeably to get to the same conclusions? Is mul-
tiplexing better? What are some of the benefits/caveats 
compared to multiplexed hybrid LBA/LCMS assays? 
Would a full validation be warranted if one wanted to 
go to a ‘uniplex’ hybrid LBA/LCMS assay with one of 
the analytes from the multiplex assay?

Latest advancements for improving drug 
tolerance & specificity by hybrid LBA/LCMS
Can LCMS be used as an alternate platform for ADA 
analysis? Can a LCMS-ADA assay be used for screen-

ing, titration, or both? How are LCMS-ADA assays 
validated? Are they similar to ADA immunoassays? 
What are the pros and cons of using a species-specific 
ADA positive control for validation? Is it important to 
determine cut-points for LCMS? Can LLOQ or LOD 
be used instead? Can LCMS-ADA assay improve drug 
tolerance of the assay?

Recent progress in multiplexing ADA by hybrid 
LBA/LCMS for antibody screening, titering & 
isotyping
How do you establish cut-points when background 
IgG, IgM, IgA or IgD levels are below the detection 
limits due to clean background? What does the assay 
sensitivity mean when it is established with a posi-
tive control, especially if the positive control is not a 
humanized antibody? Does determination of the abso-
lute amount of ADA provide any additional value 
in comparison to a traditional ADA immunoassay 
approach? Can LCMS be used to determine ADAs in 
the presence of high circulating concentrations of drug 
to overcome the issue of drug tolerance? Can LCMS 
be used for immunoglobulin allotyping/isotyping by 
specific immunocapture: IgG, IgM and other immu-
noglobulin subclasses and/or by specific signature 
tryptic peptides as a surrogate for the measurement of 
intact ADA? More work has been published on the use 
of LCMS for ADA assays confirming the possibility 
of using LCMS for immunogenicity studies. Was this 
work submitted to Regulatory Agencies? If yes, did it 
receive any questions from Regulatory Agencies?

PK assays

Use of hybrid LBA/LCMS technology compared 
to LBA alone to overcome the PK, biomarker 
& immunogenicity assay challenges of novel 
biotherapeutic modalities
With tight timelines, it is difficult to wait until LBAs 
do not meet assay expectations to develop a hybrid 

Key Terms

Immunogenicity: The ability of a substance, including 
biotherapeutic substances, to stimulate an immune 
response in animals and humans.

Endogenous Substance: A molecule, protein or 
substance that originates from the biological matrix.

Catabolism: Formation of secondary molecules derived 
from complex molecules in living organisms.

Isotype: Antibody class and subclass of a given species.

Microsampling: Sampling of very small sample volumes 
(μl) from animals and humans to assess drug and chemical 
exposure in biological matrix.
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LBA/LCMS method. Do bioanalytical scientists con-
duct LBA and hybrid assay development in parallel or 
in series, if one approach is not working? What is the 
best/recommended approach for method development 
to save time? Do scientists have criteria (perhaps a deci-
sion tree) that determine when to develop a LBA and 
when to develop a hybrid assay? Should we start with 
a hybrid assay by default? Overall, can hybrid LBA/
LCMS technology, compared to LBA alone, overcome 
the PK, PD, and ADA assay challenges of novel bio-
therapeutic modalities? What considerations and rec-
ommendations can we include to take advantage of 
adding LCMS to the traditional LBA approach as a 
starting strategy when developing assays for novel bio-
therapeutic modalities? Is it advantageous to perform a 
comparative evaluation of PK, PD and ADA to detect 
common interferences?

Strategies to avoid ADA interferences in PK assays 
by hybrid LBA/LCMS
Can a direct LCMS assay (reagent free i.e. total digest) 
be used in combination with ELISA to better under-
stand the PK of biologics in the presence of ADA? Are 
other groups performing free/total/bound measure-
ments for biologics? What platform(s) are used? What 
information is gained from this? Can the high specific-
ity of LCMS eliminate interferences and discriminate 
among isobaric interferences, modifications, substitu-
tions, unique signature peptides not present on ADA? 
Is it possible to use harsher conditions than in LBA 
for ADA dissociations like alkaline, acid, Guanidine 
combo treatments?

Progress and fine-tuning of validation criteria 
for hybrid LBA/LCMS PK methods: building on 
previous recommendations
What is the best approach to test clinical hybrid assays 
for ADA resistance, especially where humans have not 
yet been dosed? What is the best solid state method 
for hybrid assays? If using beads, is on-bead or off-
bead digestion the best approach? Why? Should IA 
capture efficiency be routinely measured when Hybrid 
LBA/LCMS methods are validated? What is the best 
approach used by the industry to overcome problems 
with matrix effect determination for Hybrid LBA/
LCMS methods? Is there any progress from previous 
recommendations on recovery, digestion efficiency, 
protein assay stability and critical reagent evaluations?

Evaluation & impact of mAb biotransformation in 
vivo on PK assay accuracy in non-clinical & clinical 
studies
How widely is biotherapeutic biotransformation char-
acterized in the industry? What is the best approach for 

biotherapeutic biotransformation characterization: top 
down versus bottom up versus integrated approaches? 
Why is it important to understand biotherapeutic bio-
transformation? What is the impact of biotherapeutic 
biotransformation on PK assays, safety, and efficacy? Is 
the use of LCMS’ or HRMS’ high specificity attribute 
the best approach to identify, characterize and quantify 
biotherapeutic biotransformations? How is the quanti-
fication of minor modified biotherapeutics in the pres-
ence of a large amount of unmodified entities handled?

Discussions, consensus & conclusions

Biomarkers & immunogenicity assays

Biomarkers in solid tissues: benefits of hybrid 
LBA/LCMS & specific sample preparation 
techniques designed to minimize interferences
The expansion of new biotherapeutic modalities has 
increased the use of PK/PD modeling and system 
pharmacology. This has subsequently increased the 
demand from bioanalytical and biomarker groups 
with respect to quantitative measurements of biologics 
and biomarkers in both biological fluids and tissues. 
Tissue measurements come with increased scientific 
challenges compared to those in serum and/or plasma. 
The challenges come from many factors, such as pro-
curing and handling the tissue sample, recovery of the 
analyte of interest and properly normalizing the target 
measurement of interest. However, quantitative tissue 
measurements, at the site of pharmacological action, 
can be critical as they may provide information to sci-
entists about target validation, target coverage for dose 
projections, occupancy (total/bound), precision medi-
cine for patient stratification, normal versus disease for 
target or biomarker measurements, membrane bound 
or intracellular proteins and, finally, drug disposition.

The use of Hybrid LBA/LCMS approaches offers an 
effective way to meet the requirements of sensitivity 
and cleanup associated with analyte measurement in 
solid tissue. However, best practice is strongly depen-
dent on the analyte under investigation and intended 
use of the data. Hybrid LBA/LCMS methods are pri-
marily used in discovery bioanalysis or for exploratory 
purposes since standardization and recovery tracking 
remains one of the major hurdles. In order to reduce 
potential interference from residual blood, in particu-
lar in PK analysis, it is recommended to wash the tissue 
sample using PBS upon tissue harvest and immediately 
flash freeze the sample in liquid nitrogen to prevent 
proteolysis. For exploratory, non-clinical studies, 
homogenization in acid at the collection site may be 
needed to better control the process, but obviously, this 
needs to be tested during assay development.

the collectables_year in bioanalysis.indb   8 13/10/2017   11:02:16
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When the intent is to perform a single measurement 
representative of drug distribution in the entire tissue 
sample, heterogeneity of the target protein can be a 
challenge. Hence, pulverizing and homogenizing the 
tissue is recommended to get a representative overall 
measurement. It was agreed that in this situation con-
sideration should be given to the stability of the analyte 
at elevated temperatures, since heat may be generated 
during the homogenization process. When possible, 
samples should be kept at low temperatures during the 
homogenization process. Typically, a stainless steel or 
similar bead-based approach performed directly in vials 
is appropriate. It should be noted that different beads 
are available for different tissues. To properly weigh the 
tissue, it is recommended that tubes be pre-weighed 
with lysis buffer containing protease inhibitor, and 
then weighed following sample addition. It is gener-
ally preferred by PK/PD scientists for protein concen-
trations to be normalized against tissue weight rather 
than protein content. Following pulverization/homog-
enization, the tissue is removed and can be reprocessed 
using additional buffer if there is any concern that all 
the analyte may not have been extracted. If less than 
5–10% is left in the second extraction, there is no need 
to repeat the process.

It was agreed among the scientists that currently 
there are limited options to improve analyte recovery 
from tissues, especially when combined with IA sample 
processing. Lipids can often cause poor protein recov-
ery especially for protein biomarkers. Therefore, assess-
ing the effect of lipids on the recovery of the protein 
analyte is recommended; a lipid clearing solution may 
be used. The overall consensus is that dilution typi-
cally increases recovery, thus samples should be diluted 
as much as possible in the homogenate lysate to maxi-
mize recovery and minimize interference. However, 
dilution may affect the measurement of certain types 
of analyte forms: such as free and bound estimations.

Acceptable stability parameters of the analyte need 
to be defined a priori, depending on the sample col-
lection process and the purpose of the data. Some 
attendees stated that it is difficult to test analyte stabil-
ity in tissues directly, so it was recommended to bank 
homogenate lysate and test it over time. Different buf-
fers and different storage conditions should be tested 
on the homogenate (e.g., freeze/thaw a lysate pool) to 
help assess if there are problems with stability. Com-
mercial lysis buffers with protease inhibitors generally 
work well, and cryopreservatives (e.g., glycerol) can 
be considered. Furthermore, it was decided that it is 
not necessary to perform incurred sample stability. 
Instead, lysates should be banked in order to possibly 
look at additional protein targets. Finally, careful con-
sideration should be put into tissue sourcing. Attendees 

felt that the quality of commercial tissue sources, while 
easy to obtain, can be uncertain due to the uncertain 
nature of collection and handling. Therefore it may 
be preferable to obtain tissues via collaboration with 
trusted academic sites and hospitals where possible.

Successful validation of sensitive confirmatory 
protein biomarker assays by hybrid LBA/LCMS: 
practical recommendations to meet regulatory 
requirements
LBA has historically been the method of choice for 
quantitating proteins and peptides. However, inconsis-
tent specificity and lack of reproducibility among prod-
ucts are some of the challenges of this approach when 
using commercial kits [13,14]. Hybrid LBA/LCMS 
assays are increasingly used in addition to LBA because 
these are highly selective methods to quantify proteins 
and peptides in complex matrices therefore can provide 
confidence in measuring analytes of interest. Users 
of these hybrid LBA/LCMS assays indicate this new 
platform to be reproducible, robust, and specific for 
biomarker measurements. The addition of an IA step 
increases the sensitivity of the assay in order to mea-
sure very low levels of proteins in samples. These assay 
platforms can provide a 10-fold increase in sensitivity, 
which can improve detection significantly [15]. Never-
theless, factors such as cost, sample volume require-
ments, assay throughput, and ease of implementation 
continue to be limiting factors to consider when decid-
ing on the assay platform.

One of the cornerstones of a robust LCMS method 
is the use of an appropriate internal standard. Industry 
best practice is to use a SIL internal standard if avail-
able. This is equally important for Hybrid LBA/LCMS 
assays, and in cases where a surrogate tryptic peptide 
is used to quantify a full-length protein analyte, sci-
entists have the option of using a full-length SIL pro-
tein, a winged SIL peptide where the tryptic peptide 
of interest is flanked by extra amino acids, or a labeled 
tryptic peptide of the exact length. If a labeled protein 
is available, then it is the best choice and if possible to 
use the same cell line as was used to produce the recom-
binant protein to maintain constant PTMs. However, 
industry experience indicates there is no determin-
able advantage in using a full-length protein versus 
a winged peptide; any differences encountered were 
likely due to other issues within the assay even if, in 
theory, having a full-length protein internal standard 
can be very useful when IA recovery is in question. 
Differences were observed when using a labeled pro-
tein versus a peptide only when severe solubility issues 
were present (i.e., membrane or PEGylated proteins). 
SISCAPA was considered an option. On-column cap-
ture should be used in this case. In conclusion, the 
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overall recommendation is that as long as validation 
tests demonstrate that the assay is reproducible and 
robust, there was no preference for the type of internal 
standard used. Moreover, when assaying endogenous 
analytes, using a full-length recombinant labeled pro-
tein may be impacted by differential expressed protein 
isoforms and PTMs. Lot-to-lot variability of recombi-
nant proteins is a significant challenge, and should be 
mitigated by minimizing the number of lots used, per-
forming bridging assays and ensuring robust reagent 
characterization.

To determine whether a Hybrid LBA/LCMS assay 
and LBA assay can be used interchangeably to get to 
the same study conclusions, correlation and Bland-
Altman plots are still the recommended criteria. It 
is difficult to absolutely match historical data using 
different qualitative assessments. When moving to a 
uniplex hybrid LBA/LCMS assay from an already vali-
dated multiplex assay, it was agreed that some cross-
validation experiments were minimally recommended 
to assess comparability of results.

Latest advancements for improving drug 
tolerance & specificity by hybrid LBA/LCMS
Therapeutic proteins and peptides have the potential 
to elicit immune responses resulting in ADAs that can 
pose problems for both patient safety and product effi-
cacy. During drug development, immunogenicity is 
usually examined using a risk-based approach along 
with specific strategies for developing ‘fit-for-purpose’ 
bioanalytical approaches. LBAs are the most widely 
used platforms for ADA detection and characterization 
because of their high sensitivity and throughput. Dur-
ing the past decade, LCMS and Hybrid LBA/LCMS 
methods have been demonstrated to be successful 
techniques for the quantitation of biotherapeutics for 
PK assays and protein biomarkers in biological matri-
ces, mainly owing to their high specificity, selectivity, 
multiplexing capability and wide dynamic range. More 
recently, Hybrid LBA/LCMS methodologies have been 
developed for simultaneous semi-quantitation and iso-
typing of the ADA in human and animal plasma or 
serum. ADAs are captured by biotinylated drug or the 
drug–ADA complex is captured by an anti-drug anti-
body. ADAs are then eluted and subjected to trypsin 
digestion followed by LCMS detection of specific pep-
tides for each antibody isotype. The relative concentra-
tion of each ADA isotype in the extraction buffer is 
quantified using a calibration curve which is generated 
from reference materials of each ADA isotype prepared 
in the extraction buffer.

The proof-of-concept of this hybrid methodology is 
demonstrated by detecting pre-existing ADA in human 
plasma [16]. Either biotinylated drug or biotinylated 

ADA could be used as the immunocapture reagent, 
each with its own merits and shortcomings. Biotinyl-
ated drug can readily capture ADA, but drug inter-
ference could be an issue if drug levels in the samples 
are high. On the other hand, immunocapture using 
an ADA eliminates the drug tolerance issue which is 
often associated with immunoassays, providing that 
the ADA is able to capture the drug-ADA complex in 
addition to free drug. With this method, unique pep-
tides from each ADA isotype/subclass can be identi-
fied and monitored by LCMS. ADA isotyping can be 
performed by the detection of isotype-unique peptides. 
An absolute ADA amount can be obtained however 
the result is only semi-quantitative since the polyclonal 
ADA response cannot be mimicked with calibrants 
and commercially available Ig isotypes are spiked only 
post-elution to create the calibration curve. Similar to 
traditional ADA LBA assays, cut-points at 95% confi-
dence interval can be established using undosed con-
trols. Endogenous Ig interferences need to be reduced 
in order to improve assay sensitivity. Human positive 
ADA controls or the controls containing human Fc 
are recommended for more accurate estimation of the 
LLOQ/LOD. Protein A/G beads can also be used to 
capture total immunoglobulins and then the drug-spe-
cific surrogate peptides can be measured to reflect the 
amount of the immunoglobulins bound with the drug. 
This application is only suitable to the drug which does 
not have binding affinity to Protein A/G, such as Fab 
domain antibody or other non-Fc proteins.

It was agreed that, with further improvements and 
industry experience, Hybrid LBA/LCMS methodol-
ogy could become a useful tool in immunogenicity 
assessments. At present, this methodology is used for 
experimental purposes and not used in regulatory data 
acquisition. It can be easily implemented in bioanalyti-
cal lab settings for routine ADA isotyping and semi-
quantitation. The key issue is the reliability of immu-
nocapture step. As ADA levels measured by Hybrid 
LBA/LCMS represent absolute amounts relative to the 
positive control used, one can compare ADA isotype 
levels between samples, between studies, as well as 
between different biotherapeutics, providing that con-
sistency in positive controls is achieved to determine 
recovery. A database of such information could be 
gradually built and provide valuable insight to better 
understand immunogenicity of biotherapeutics.

It was also agreed that Hybrid LBA/LCMS ADA 
assays could become an alternative for screening, 
isotyping, and titration without a need for confirma-
tory assays due to better specificity (lower false posi-
tives). In cases where there is interference from the 
drug itself, there could be benefits for a confirmatory 
assay, but this is assay and positive control dependent 
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and more information is needed prior to widespread 
adoption. Each IgG response is different from patient 
to patient, so it is critical to compare post-dose sam-
ples to the same patient’s pre-dose sample. In the case 
where Hybrid LBA/LCMS could be used for screening 
assays, a separate titration may not be required because 
the screening assay provides the relative concentration 
of ADA. However, the assay is only semi-quantitative 
because reference standards are not spiked into the 
matrix. Commercial IgG or IgM, not the actual ADA, 
is used to run the calibration curve. The selected sur-
rogate peptide may be significantly different from the 
actual ADAs, even if the same isotype but difference 
species.

Neither the 2009 draft regulatory guidance for 
ADA assays [17] nor its 2016 revised version [18] discuss 
the use of Hybrid LBA/LCMS for immunogenicity 
assessment. Therefore, it is recommended that the 
requirements for the validation of Hybrid LBA/LCMS 
ADA assays be leveraged from the best practices and 
lessons learned from LBA ADA assays. In addition, 
because of the absence of regulatory guidelines regard-
ing validation of Hybrid LBA/LCMS ADA assays it 
is recommended that sponsors contact the Regulatory 
Agencies and discuss assay validation plans with them 
prior to conduction. Currently, using a species-specific 
ADA positive control for validations can help estab-
lish detection limit, and is essential for surrogate pep-
tide selection in Hybrid LBA/LCMS assays. Usually 
due to availability reasons, positive controls are often 
monoclonal whereas an ADA response is polyclonal. 
However, positive controls cannot represent all endog-
enous ADAs, introducing limits to the method vali-
dation. This is the same as for the LBA ADA assays. 
Cut-points are important statistically when a broad 
population is evaluated, so it is likely both cut-points 
and LLOQ/LOD are needed.

Recent progress in multiplexing ADA by hybrid 
LBA/LCMS for antibody screening, titering & 
isotyping
Currently, LBAs are widely used platforms for evaluat-
ing the immunogenicity of protein therapeutics, and a 
tiered approach is used to screen, confirm and titer the 
ADA present in patient samples. However, drug inter-
ference in the assay can prevent low level and low affin-
ity ADAs from being detected. When it comes to iso-
typing of ADAs, although new technologies are being 
developed with LBAs, these technologies have not been 
broadly utilized in the pharmaceutical industry due to 
their complexity, as well as the infrequent and unclear 
need for isotyping. It was agreed that Hybrid LBA/
LCMS assays can be used for semi-quantitative mea-
surement of ADAs through either direct measurement 

of IgGs, IgMs, IgAs, IgEs and IgDs and their respec-
tive subclasses bound to the drug, or indirect measure-
ment of the drug bound to ADAs. However, the use 
of Hybrid LBA/LCMS assays to determine the rela-
tive amount of ADA does not show additional value 
in comparison to a traditional ADA LBA approach. 
There are still limitations to using LCMS for very low 
levels or low affinities of ADA due to lower sensitivity 
than LBAs. Additionally, it is not clear why isytoping 
would add value in most cases. Sensitivity for a Hybrid 
LBA/LCMS assay will be established using cut-points 
when the positive control is not a same species antibody 
because different surrogate peptides are measured.

There has been recent progress in multiplexing ADA 
measurement and isotyping immunoglobulin subtypes 
by Hybrid LBA/LCMS [16]. This technology provides 
a way of overcoming the drug tolerance issue as long 
as adequate sensitivity can be established. However, 
background issues are still an overall challenge. More 
work has been published on the use of Hybrid LBA/
LCMS for ADA assays confirming the possibility of 
using LCMS for immunogenicity studies and provid-
ing an alternative to the traditional tiered approach 
that uses three separate assays. However, regulatory 
agencies report that they have not yet reviewed any 
submitted ADA data using Hybrid LBA/LCMS at this 
time. Despite being a young application for Hybrid 
LBA/LCMS, multiplexing isoyping of ADAs is already 
used as a proof-of-concept for ADA determination but 
as industry and regulatory experience increase more of 
these assays are expected.

PK assays

Use of hybrid LBA/LCMS technology compared 
to LBA alone to overcome the PK, biomarker 
& immunogenicity assay challenges of novel 
biotherapeutic modalities
Novel biotherapeutic modalities include fusion pro-
teins, bispecific antibodies, ADCs, and other emerg-
ing new entities. Developing assays for these modali-
ties involves overcoming additional challenges to those 
already evident with monoclonal antibody therapeu-
tics. The challenges, including assay interference from 
endogenous protein drug targets (usually a soluble tar-
get) or ADAs in PK assays, drug or target in ADA assays 
and target or binding partners for PD assays, must be 
overcome to develop an accurate and robust method. It 
was discussed whether a comparative evaluation of PK, 
PD and ADA data could help detect common interfer-
ences. It is recommended that the biology would first 
have to be examined to decide if common interferences 
are likely. Further, the interferences would be different 
based on the platform, limiting the practicality of this 
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approach. The procurement of the necessary reagents 
may also be a challenge for the novel therapeutics. 
There were many advantages acknowledged for com-
bining LCMS with traditional LBA to create a Hybrid 
LBA/LCMS approach. LCMS can better characterize 
exactly what is being measured, improve the under-
standing of the analyte as well as the biology involved 
and also detect in vivo modifications (e.g., clipping 
of biotherapeutics with an endogenous counterpart). 
Method development is generally faster compared to 
traditional LBA, and comes with improved selectivity 
and less stringent reagent requirements. It is worth-
while to mention here that Hybrid LBA/LCMS assays 
can use reagents that do not work in LBA assays due 
to better selectivity of the mass spectrometers. It is also 
generally more resistant to interference due primar-
ily to the specificity offered by the detection step and 
the use of only one antibody for capture. However, it 
should be noted that the Hybrid LBA/LCMS and LBA 
may not measure the same species, depending on the 
assay formats. Therefore, in some cases it is desirable to 
use both assays for bioanalysis in order to get a better 
understanding of PK/PD. On the other hand, caution 
should be exercised when comparing results from the 
two assays.

Overall, it was agreed that presently LBAs are often 
still used as the default approach largely due to the 
confidence resulting from a successful history with 
this technology, regulatory acceptance and existing 
in-house and CRO capabilities. Hybrid LBA/LCMS 
assays can also be used as the main PK assay or when 
issues like those discussed above arise. For a more 
proactive approach, it is recommended that scientists 
should begin developing LBA and hybrid methods in 
parallel with a clear path as to when to continue using 
one methodology based on initial result generation. 
This approach will work if a clear strategy is in place, 
allowing scientists to make an informed decision based 
on the pros and cons of both methodologies, as well 
as taking into account the phase and the biology of 
the drug that it would be used for. The current reality 
is that most scientists work in series due to financial 
and resource limitations. Furthermore, using a hybrid 
method limits the ability to transfer the method to 
another lab such as a CRO, who may not have that 
platform capability. It was agreed that Hybrid LBA/
LCMS is a possible orthogonal method to LBA for PK 
and PD assays [19,20].

Strategies to avoid ADA interferences in PK assays 
by hybrid LBA/LCMS
The ability to accurately quantify total concentra-
tions of biopharmaceutical therapeutics in the pres-
ence of ADAs is sometimes required to understand 

the safety and/or efficacy of these molecules in both 
preclinical and clinical studies. These studies are tra-
ditionally supported using LBAs which require bind-
ing of the therapeutic to a capture reagent (e.g., anti-
gen capture or anti-idiotypic capture) and a detection 
reagent (e.g., Anti-Human IgG antibody or anti-idio-
typic antibody) for quantitation. However, the pres-
ence of an ADA may compete with the binding of the 
therapeutic to the capture and/or detection reagent, 
thus preventing measurement and masking the pres-
ence of the circulating molecule. This interference 
can thereby have a damaging impact on safety and/
or efficacy interpretations [21]. Recommendations 
have previously been made for assessing the impact of 
immunogenicity on PK assays [9,12,22]. Since then, an 
orthogonal approach like LCMS has emerged as an 
alternative tool to better understand the PK of bio-
logics in the presence of ADA. It was agreed that the 
high selectivity of LCMS can minimize interferences 
and discriminate among isobaric interferences, modi-
fications, substitutions, and unique signature pep-
tides not present on an ADA. However, bioanalytical 
method characterization of ADA tolerance is impera-
tive. Some traditional ways for solving ADA tolerance 
issues include acid dissociation, acid capture elu-
tion (ACE), biotinylated or passive adsorption, and 
increasing minimum required dilutions. When tradi-
tional LBA options do not solve these method issues, 
it is recommended that LCMS or Hybrid LBA/LCMS 
methods with harsher conditions than those typically 
used for LBA (e.g., alkaline, acid or guanidine combo 
treatments) could be used to achieve ADA dissocia-
tions. The appropriate platform for PK/PD endpoint 
assessments should be based on a biology driven strat-
egy with consideration given towards the collective 
endpoints for interpretation.

Progress & fine-tuning of validation criteria 
for hybrid LBA/LCMS PK methods: building on 
previous recommendations
Much attention has been paid in the last several years 
on the validation of protein bioanalytical methods that 
quantify surrogate peptides via LCMS after proteolytic 
digestions [6,8,11]. An enhancement of these LCMS 
methods increasing in prevalence is the Hybrid LBA/
LCMS approach. This approach utilizes affinity cap-
ture reagents to enrich the protein drug from matrix 
prior to digestion. These reagents can range from less 
specific affinity reagents such as protein A to highly 
specific immune-affinity capture reagents such as anti-
idiotypic monoclonal antibodies or drug target. Tech-
niques for coupling these affinity capture methods to 
the LCMS normally employ solid state methods using 
micro particles such as magnetic or sepharose beads 
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coated with streptavidin that binds to biotinylated 
reagents. The result is an increase in method sensitivity 
of up to 100 times allowing such assays to be validated 
and applied to a number of clinical and non-clinical 
studies with good success [11].

It was agreed that beads were the best solid state 
method for Hybrid LBA/LCMS assays, although the 
choice is assay dependent. On-bead digestion is rec-
ommended because of its ease and lack of extra steps 
when compared to off-bead digestion, although it 
was acknowledged that the off-bead approach is ideal 
because it gives the most complete digestion and is 
subject to less interference from non-specifically bound 
materials found on the beads. For many applications 
on-bead digestion is often sufficient for the purpose of 
the assay.

Along with the enhanced performance of Hybrid 
LBA/LCMS methods, some of the potential compli-
cations associated with LBA may become apparent. 
These include possible effects due to ADAs, circulat-
ing ligands, or specific interferences in patient popu-
lations and/or dosed subjects. Since these factors can 
directly impact quantitation and recovery, they must 
be evaluated carefully during method validation and 
monitored during sample analysis. Hence, it is recom-
mended for Hybrid LBA/LCMS methods to a) study 
selectivity in both pooled control and pre-dose patient 
matrices; b) examine the effects of specific interfering 
ligands, such as soluble targets, at expected physiologi-
cal concentrations upon drug quantitation in spiked 
QC samples; and c) examine the impact of added 
ADAs of known high titer, if available upon quantita-
tion, in spiked QC samples. The best approach to test 
clinical Hybrid LBA/LCMS assays for ADA resistance, 
especially in drug naïve patients, is to use pre-existing 
ADAs, animal ADAs as positive controls.

It is recommended that recovery and digestion effi-
ciency in validation are examined at low, mid and 
high QC concentrations. Special validation experi-
ments designed to specifically measure affinity capture 
recovery should be tested with both spiked control and 
patient pre-dose samples to determine whether there 
is any effect of the patient matrix on immunocapture 
efficiency. The recovery results provide information on 
selectivity and matrix effect, which is a known diffi-
culty when using mass spectrometry as a detection tool. 
Testing patient pre-dose samples as naive and spiked at 
the LLOQ concentration is the recommended method 
for testing matrix effect and selectivity.

It is suggested that parallelism experiments be per-
formed during validation on incurred samples by dilut-
ing with disease patient, pre-dose, and control matri-
ces, followed by quantification. The results are then 
compared to those diluted in buffer.

Finally, it was agreed that the issue of reagent 
management requires considerations similar to LBA 
reagents. Hence, reagent stability, suitability, and lot-
to-lot comparability can often be evaluated on a fit-for-
purpose basis. Many of these reagent management con-
cerns can be handled by working in close collaboration 
with the reagent group of the organization due to their 
experience and extensive use of methodology to verify, 
characterize and maintain these critical reagents.

Evaluation & impact of mAb biotransformations 
in vivo on PK assay accuracy in non-clinical & 
clinical studies
Drug development is a slow process with a high fail-
ure rate, especially when new drug modalities are 
being introduced. At the same time, biotherapeutics 
are becoming even more structurally complex, with 
formats including bispecifics, fusion proteins, anti-
body fragments and cyclic peptides. Analytical meth-
ods to understand the fate of biotherapeutics in vivo, 
including structural stability or catabolism, have the 
potential to provide valuable information during drug 
development and may help speed up the process in 
getting drugs to patients. Historically, such a depth 
of structural information has not been available for 
biotherapeutic development. However more recently, 
mass spectrometry-based approaches have been used 
to explore large molecule in vivo catabolism [23,24] and 
is considered the best approach to identify, character-
ize and potentially quantify biotherapeutic biotrans-
formations such as antibody-drug conjugates. Hybrid 
LBA/LCMS approaches developed for ADCs can be 
extended to mAbs and other modalities to identify 
biotransformations including deamidation, clipping 
and isomerization [11]. Such biotransformations in 
the proximity of the CDR target binding or Fc effec-
tor function binding regions of a mAb biotherapeutic 
has the potential to alter the in vivo pharmacology, 
affecting efficacy, safety, and PD evaluations. Bio-
transformations in the CDR region for mAbs also has 
the potential to alter binding to assay reagents in LBA 
or Hybrid LBA/LCMS PK assays and yield anoma-
lous PK measurements. Understanding biotherapeu-
tic biotransformations, therefore, will help scientists 
determine the impact on efficacy, safety, PD, and PK, 
as well as help to correlate in vitro monitoring. Tra-
ditionally, characterization of biotherapeutic in vivo 
catabolism is very limited and only done when needed. 
Top-down or middle-down approaches, which analyse 
the intact biotherapeutic or its sub-units (e.g., light 
chains and heavy chains of the mAb) via immunoaf-
finity capture and mass analysis. Another option is a 
bottom-up approach, where MRM or HRMS full scan 
analyses are used to target specific peptides or an open 

the collectables_year in bioanalysis.indb   13 13/10/2017   11:02:17



14 Bioanalysis (2016) 8(23) future science group

White Paper    Song,  Lee, Garofolo et al.

proteomics discovery approach to identify biotrans-
formations. However, it was agreed that an integrated 
approach would be the preferred option. In the case 
where it is necessary to quantify minor biotransformed 
biotherapeutics in the presence of a large amount of 
unmodified biotherapeutics, it is recommended to fol-
low the MIST guidance for small molecules [25] present 
in quantities of more than 10%. The dynamic range of 
the method should allow for proper analysis. For quan-
tities below 10%, the minor biotherapeutic is unlikely 
to be relevant, depending on the importance of bio-
transformation.

Key input from regulatory agencies
The 10th WRIB continued with its long standing con-
tributions from several international regulatory agen-
cies, including the US FDA, EU EMA, Health Can-
ada, UK MHRA, Austria AGES, Italy AIFA, Brazil 
ANVISA, Japan MHLW and WHO. These agencies 
shared their views on multiple topics of interest for the 
global bioanalytical community attending this event, 
to provide clarification on unresolved issues or expecta-
tions. Regulators provided input on a variety of topics 
across all three core days, including:

• Microsampling ICH

• Extract stability

• Batch acceptance criteria

• Electronic data integrity

• Endogenous compounds

• Validation of biologics and biosimilars

• Immunogenicity issues

• Inspection programs, observations and new 
guidelines

An update on the recently released draft S3A Q&A 
document focusing on microsampling for toxico-
kinetic studies [26] was provided by a representative 
from Japan MHLW, who is the rapporteur of the ICH 
implementation working group that prepared the doc-
ument. The document contains questions addressing 
microsampling covering scope, application, effect on 
safety and issues regarding bioanalytical methods. It 
was started in early 2015 and took approximately a year 
to complete and was released for comments. Consulta-
tion was open until September 2016 on the ICH web 
site, and it is anticipated that the final version will be 
adopted by spring or summer of 2017.

The subject of extract stability was brought back to 
the table by the US FDA, following up on the o riginal 

discussion in the 2009 White Paper in Bioanalysis [1]. 
The Agency stated that there are still differences in 
industry practices with regards to the evaluation of 
extract stability. The US FDA representative reminded 
those present that the objective of the extract stabil-
ity evaluation is to determine stability of the analyte(s) 
and internal standard(s) post-extraction. This is 
referred to as the post-preparative stability in the US 
FDA Guidance on Bioanalytical Method Valida-
tion [27]. Post-extraction storage of samples may be at 
room temperature or colder, and extract stability can 
address stability of the analyte following the resident 
time of the samples on the autosampler for the dura-
tion of the run. This is particularly relevant if the 
run is interrupted for some reason, and injection is 
continued; the analyte and IS stability should be pre-
served from the beginning of the run to the end of the 
run. Two procedures were presented. The first was to 
inject high and low QC stability samples along with 
a freshly prepared set of calibrators and analyze the 
QCs. The stability QC samples are then subjected to 
storage conditions for a determined period of time and 
reinjected using freshly spiked calibrators. Calculated 
concentrations are then compared to nominal values 
for determination of stability. Some advantages of this 
approach are that the use of ratios addresses possible 
differences in ionization or other sources of variabil-
ity, and freshly prepared calibrators are used in case 
of similar degradation between analyte and IS. Some 
disadvantages to consider are that the fresh calibrators 
are not processed with the stability samples, introduc-
ing additional variability (e.g., extraction variability), 
and once the sealing mat is punctured for the stabil-
ity QCs, there is a potential for evaporation. Another 
method was proposed, where the stability samples 
are extracted with a fresh set of calibrators and batch 
QCs. The curve and batch QCs are injected immedi-
ately, but the stability QCs are not injected with these. 
Instead, stability samples are immediately stored and 
injected on a future day (after a period of aging), but 
read against the originally injected curve. In this case, 
all samples are processed (extracted) together and there 
are no issues with evaporation, since the sealing mat of 
the stability samples remain unpierced. This method, 
however, assumes stable instrument response and spray 
conditions over the course of the experiment. Neither 
method was favored as the preferred strategy. However, 
the pros and cons of each approach should be consid-
ered when determining the most appropriate design of 
the experiment based on the method.

The US FDA also introduced the topic of batch 
acceptance. This is particularly pertinent when mul-
tiple 96-well plates are used, and each plate is pro-
cessed individually but injected in sequence in one run. 
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Regulators have come across data where batch criteria 
were applied across the multiple plates, as opposed to 
each plate individually. However, in cases such as this, 
where each plate was processed individually, the expec-
tation is that there is at least a complete set of QC sam-
ples on each plate along with study samples. This way, 
once the instrumental run criteria pass, each batch can 
then be evaluated independently. This method pro-
vides the most information about the quality of the 
data generated and is consistent with good science, US 
FDA recommendations and the EU EMA guideline on 
BMV [28]. It is important that SOPs clearly define what 
constitutes a batch.

Austria AGES and US FDA addressed the increased 
focus by regulatory agencies on electronic data. Data 
integrity is of primary concern, thus inspectors are 
very vigilant in identifying signs of manipulation or 
falsification. Data integrity issues are not limited to 
e-records, electronic storage media and software, but 
also involve all information management systems used 
by a company. Appropriate data management, as well 
as maintenance of data integrity, are areas prone to 
risk and should have an adequate level of risk analysis. 
Poor data management can open the door for unpre-
dictable malpractices. Electronic laboratory notebooks 
have benefitted many companies by improving effi-
ciency and productivity, prolonging record longevity, 
allowing for efficient and global information sharing 
and retrieval, and by facilitating real time data review. 
Industry has been discussing the impact of their use 
for many years [8,11,29]. Regulators indicate that they 
are reviewing data from a variety of different ELN sys-
tems, as one size does not appear to fit all, resulting 
in many challenges occurring during site inspections. 
ELN formats, structure and granularity differ from 
site to site, forcing regulators to take time in learn-
ing the navigation of the system. Hyperlinked infor-
mation in worksheets may be read-only or links may 
be broken, thereby causing delays during the inspec-
tion. This may result in extended waiting times for 
accessing all required information while waiting for 
site staff knowledgeable in the system. Furthermore, 
analytical data audits become challenging when dif-
ferent aspects of the analytical data are documented 
in different systems (e.g., old versus new, paper ver-
sus ELN). Therefore, the inspection scope has been 
expanding in order to comprehend the IT aspects of 
ELNs for assuring data integrity. Documentation of 
study data within an ELN should still follow all predi-
cate rules. The individuals who carried out each aspect 
of study conduct should be clearly captured, as well 
as the date and time when the study events actually 
occurred, and not just when they were recorded. This 
is usually done via e-signatures and timestamps. Access 

must be available to the audit trail to determine what 
changes occurred and the individuals who made them. 
It should also be noted that efforts are made to inspect 
the ELN source files and not just PDF export files. 
It was recommended that any access granted to the 
inspectors should not affect the system performance. 
However, inspectors should still be able to completely 
reconstruct the study within the system. To quickly 
orient themselves with the ELN structure and possible 
links to other LIMS at the firm, regulators may request 
a system map. Finally, ELN SOPs should be in place 
to elaborate on topics such as the overall workflow and 
archiving, version control of forms and templates used, 
audit trails, the ELN review and approval process, and 
the roles and responsibilities within the ELN. Apart 
from ELN systems, all electronic data are within the 
scope of a regulatory inspection. Regulators still con-
sistently note cases where there are no personnel with 
expertise in computer validation at the firm. Gaps in 
the proper validation of a computer system increase 
the risk of data integrity issues. The evaluation of risk 
must include assessments on the possibility of deleting 
or modifying data from outside the system, network 
storage of analytical and PK data without transparent 
access control, intermediate study results that flow pre-
maturely via unauthorized access to the software, and 
ineffective QC and QA verification practices. Access to 
the software must be controlled and justified by the job 
description. The data flow must be clearly described in 
the processes such that the verification of batch results, 
data approval, release for PK and handoffs to phar-
macokinetic scientists and QA are clearly tracked and 
documented. Any weaknesses of the quality system, 
data management and the use of computerized systems 
make it difficult for regulators to trust the position of 
management and results in significant suspicion about 
the reliability of trial data, thereby requiring further 
investigations during the inspection.

US FDA provides some guidance on the analysis 
of endogenous compounds [30–32], and some white 
papers have also provided recommendations on this 
topic [33,34]. Endogenous compounds can originate 
from the endocrine glands (e.g., glucagon, estrogens) 
or from dietary uptake (e.g., iron, omega 3 fatty acids). 
When designing a study for endogenous compounds, 
several points need consideration. First, the selection 
of the matrix should be appropriate. The PK charac-
teristics of the drug substance should be considered 
in the selection of the matrix (e.g., selecting urine to 
assay potassium because potassium concentrations in 
the body are controlled largely by the kidneys through 
urinary excretion). The stability of the analyte in vivo 
is also important. Consideration for the use of low 
background level populations may reduce the need 
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for baseline level corrections (e.g., post-menopausal 
women for estrogen studies). If corrections are needed, 
an evaluation of the characteristics of the baseline lev-
els is beneficial (i.e. expected variations and magnitude 
of variations), as well as the methods that will be used 
to perform the correction (i.e. point-to-point, aver-
age of pre-dose values). Method validation of endog-
enous compounds includes some extra challenges. It 
is necessary to reliably determine the baseline level of 
the compound in the matrix of choice. If a surrogate 
matrix is used, additional validation data are needed to 
show equivalent performance of the analytical method 
between the surrogate and the subject matrix. QC 
samples prepared in authentic matrix should always 
be included during accuracy and precision. Stability in 
authentic matrix is recommended, even for rare matri-
ces. Recovery between the analyte-free matrix and 
authentic matrix should be comparable and complete. 
Assay performance in multiple lots of surrogate and 
authentic matrix should be cross-validated to prove 
that there are no matrix effects. It was made clear that 
while the fit-for-purpose concept for the validation of 
biomarker assays is appropriate for different stages of 
drug development, for ANDAs, submission of a fully 
validated analytical method is expected.

US FDA shared their experience on the validation 
of immunogenicity assays for biologics and biosimi-
lars. Indeed, these submissions have increased over the 
last several years as more pharmaceutical products of 
these types are being developed and marketed. As a 
result, regulatory experience with these types of sub-
missions is more readily available. Cases exist where 
a low positive control concentration in an ADA assay 
was selected with an assay value much higher than the 
assay cut point and/or study sample values. This is 
concerning because there is no indication of precision 
at the low end of the assay range, resulting in uncer-
tainty that lower ADA concentrations can be detected. 
Guidance [16,35] and literature [36] recommend selecting 
a low positive control concentration resulting in assay 
failure at a rate of ∼1%. Non-reproducibility between 
Tier 1 and Tier 2 assays also raises concerns for the 
inspectors, because assay reliability is then uncertain 
and the potential for false negatives in the Tier 1 
screening assay increases. There is a potential for mis-
identification of ADA positive samples and inaccurate 
assessment of the ADA response rate when samples 
are defined as negative during the neutralizing assay 
because they were less than the screening cut point 
even when they were confirmed positive and no further 
analysis is performed. Confirmatory cut-points should 
not be set too high, nor be variable; otherwise there is 
no assurance of assay specificity. Titer assay cut points 
are of equal concern when dilutions of patient samples 

for the Tier 3 assays are performed with normal matrix 
instead of patient matrix, due to e.g. unavailability. In 
these cases, reported titer is not indicative of the true 
titer, and there is a potential failure to err on the con-
servative side of titer reporting. Finally, using a LIMS 
system for immunogenicity assays brings risks for run 
identification errors, failure to monitor raw assay val-
ues of positive controls and for the deactivation of valid 
assay results. Immunogenicity data generated using 
LIMS systems should ensure that no acceptable data 
is deactivated and that there are pre-established crite-
ria for reporting of final titer values and for governing 
sample repetition specific to the titer assay.

US FDA, Health Canada and Japan MHLW 
addressed some immunogenicity issues. Health Can-
ada presented some typical issues that are seen during 
the review of immunogenicity data as part of marketing 
approval submissions. Currently, it is very difficult to 
determine the impact of drug immunogenicity on the 
benefit/risk profile of a biologic. Safety of the patients 
should be evaluated in the context of the particular dis-
ease being treated as well as by comparison to similar 
products on the market or in development, which may 
shed light on alleviating any safety issues. For example, 
adverse events related to immune reactions should be 
monitored within a meaningful timeframe, which can 
range from hours to several months after the last dose 
of treatment. Determining the impact of ADAs on effi-
cacy is also a challenge. Some examples were provided 
where data was unable to show either the neutralizing 
or the non-neutralizing antibodies’ impact on efficacy. 
Another case was shown where the long-term persis-
tence of ADA was widely variable across the patients 
tested, and no conclusions could be drawn on the 
impact. Finally, the quality of the methods for detect-
ing ADAs could be questionable. Methods were some-
times not adequately validated, especially with regards 
to specificity and sensitivity, and so data drawn from 
these methods were not considered reliable. In light of 
these challenges, Health Canada clarified that, at the 
CTA stage (equivalent to the IND step in the US), the 
apparent immunogenicity of the test drug alone is not 
considered a ‘show stopper’ as long as the risk/benefit 
profile of the drug is acceptable. Furthermore, at the 
NDS stage (equivalent to the BLA stage in the US), 
the agency’s clinical decisions are based on the effi-
cacy response and the benefit/risk profile of the drug, 
since, typically, study results conclude that no correla-
tion between immunogenicity and efficacy/safety was 
found. Health Canada evaluates the role of immuno-
genicity in each submission on a case-by-case basis and 
collaborates with other regulatory agencies to develop a 
consistent approach. Japan MHLW indicated that they 
do not have specific guidelines for immunogenicity 
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assessments. However, EU EMA and US FDA guide-
lines/guidance addressing the subject are good refer-
ences to use for Japanese submissions, as the basic con-
cepts are similar to the approach taken in Japan. The 
strategy for immunogenicity assessments, including 
the sampling schedule, depends largely on the clinical 
target product profile. In order to fill the gap of lack 
of guidance in Japan, an AMED research group is in 
the process of creating a document that includes some 
points to consider for ensuring the reliability of ADA 
assays. This document will be the basis for a future 
guideline for immunogenicity assessments of therapeu-
tic proteins in Japan. Some considerations include cut 
point determinations, drug tolerance and biosimilars. 
Some additional questions regarding immunogenicity 
were posed to the regulatory panel. First, the situation 
was presented where some screening positives came in 
under the cut point in the confirmatory assay. This was 
considered acceptable because some false positives do 
occur and are expected, and the confirmatory assay is 
used to confirm this. Regulators agreed with this, how-
ever, their concern is raised when a significant portion 
of the samples demonstrate screening false positives. 
In this case, an investigation would be warranted. 
Regulators were also asked their opinion on using a 
raised titer cut point instead of a screening cut point. 
It was acknowledged that some scientists follow this 
practice, and it is supported in the literature, however, 
one should err on the side of caution when deciding to 
accept this approach.

Several agencies presented summaries of their 
inspection programs as well as some examples of their 
observations and new guidelines:

UK MHRA highlighted that although bioanaly-
sis is often discussed under the guise of GLP regu-
lations [37,38], it is important to underline that clini-
cal study samples must be analyzed under GCP [39]. 
Often, bioanalysts claim that since they only deal with 
bioanalytical samples and not clinical patients, GCP 
is less relevant. However, subjects have certain rights 
and these rights extend to the way that clinical samples 
are taken, processed, analyzed and reported. Guid-
ance exists for laboratories that perform the analysis 
of clinical trial samples [40,41] in order to capture the 
relevant portions of each set of practices. However, 
harmonization between agencies on the applicability 
of GCP (UK MHRA, US FDA via 21CFR320, Health 
Canada, Japan MHLW), GLP (ANVISA) or GCLP 
(WHO) to clinical bioanalysis is not consistent. That 
being said, regulators expect that the roles and respon-
sibilities outlined in the GCP guidelines be followed. 
Training of staff working on clinical studies must be 
appropriate in education, experience and technical 
trainings received on the job.

UK MHRA continued its regulatory input by stat-
ing that staff involved in the analysis of samples from 
clinical trials must have an appropriate educational 
background, relevant experience and have received 
appropriate technical training relating to the work 
they undertake. GCP training commensurate with the 
employees’ roles and responsibilities is required, and 
should be refreshed at appropriate intervals. Finally, 
unblinding of samples was discussed. The bioana-
lytical principal investigator first needs to consider 
whether there is an actual need to unblind the samples 
and what the consequences of unblinding for the trial 
might be. Any request to unblind must be approved by 
the sponsor. The process for unblinding should be out-
lined in an SOP and well documented including the 
rationale for the decision. Once the decision to unblind 
has been taken, control of the unblinded data is essen-
tial and consideration should be given to who needs to 
know and how the information will be communicated. 
Storage, transfer and retention of the unblind data also 
need to be considered. The clinical study report should 
include details of the need to unblind study samples 
and whether there is any perceived impact on the con-
duct of the trial.

Italy AIFA underlined that although a sponsor 
may transfer any or all of their trial-related duties and 
functions to a CRO, the ultimate responsibility for 
the quality and integrity of the study resides with the 
sponsor. Therefore, the sponsor as well as the appli-
cant, if needed, should demonstrate the controls in 
place in order to guarantee the quality and integrity 
of the study data. For the clinical portion of the study, 
this is required via the monitoring function. If moni-
toring is extended to the bioanalytical portion of the 
study, qualification of the monitor in the specific field 
should be demonstrated and documented. Indepen-
dent audits, performed by qualified people, are also 
an acceptable way to verify the bioanalytical phase of 
the study. In any case, laboratories should be included 
by the sponsors in their qualification programs of ven-
dors/third parties.

WHO presented a list of case studies on clinical 
trial issues, violations and impact on bioanalytical 
data reliability. Most products submitted for WHO 
prequalification are generics and are therefore sup-
ported by clinical bioequivalence studies or biowaiv-
ers. WHO inspections have shown that data integ-
rity is a worldwide issue and both the sponsors and 
the CRO are responsible. An increasing trend on 
the number of falsified study data occurrences have 
been seen and could be due to a number of reasons, 
including an increased rate of detection due to recent 
focus and training of inspectors in the area of data 
integrity. It was hypothesized that one of the motives 
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for data manipulation could be that the sponsors 
believe that it is less onerous to falsify bioanalytical 
data than to reformulate a failing product. On the 
other hand, the CROs want to provide sponsors pass-
ing studies to avoid the sponsors seeking out other 
competing CROs. WHO, in collaboration with 
other agencies, are actively working to assure data 
integrity by increasing their focus on data appearing 
suspicious, by including inspectors with IT skills as 
part of inspection teams, as well as increasing aware-
ness on the topic by the publication of guidance to 
i ndustry [42,43].

Brazil ANVISA presented some summaries of new 
technical notes that have been released since last 
year’s WRIB conference. The first covers bioequiv-
alence studies for generic products which contain 
vitamins above the daily intake and associated with 
APIs [44]. Bioequivalence to a Brazil ANVISA refer-
ence drug must be shown. A BCS biowaiver is not 
applicable. PK parameters of the unaltered vitamin in 
the appropriate matrix are required. Baseline values 
at specific intervals are required to establish a mean 
concentration per subject, which is then subtracted 
from the calculated concentrations. Vitamin intake 
from food must be controlled; a detailed menu must 
be submitted. The technical note regarding PK inter-
actions for fixed dose combinations [45] is mandatory 
to follow when the efficacy and safety of the com-
bination has not been documented in the literature 
or when one of the molecules is a new molecule in 
Brazil. Two BA studies would be needed compar-
ing the combination dose to each individual Brazil 
ANVISA reference product. Regarding regulations 
for PK studies for biosimilars [46], the applicable LBA 
or LCMS validation criteria [47] is expected. Report-
ing must follow resolution RE 895/2003. It is recom-
mended to conduct these types of studies in Brazil 
ANVISA c ertified CROs.

Health Canada advised attendees of three new doc-
uments that they had recently released. The first is a 
draft guidance document sent for consultation, which 
discusses the disclosure of confidential business infor-
mation [48]. The final version of their Proposed Policy 
on Bioequivalence Standards for Highly Variable 
Drug Products [49] had also just been recently released 
as well as a guidance on Post-Notice of Compliance 
(NOC) Changes [50]. Following this update, the lat-
est perspective on their notice on the Clarification of 
Bioanalytical Method Validation Procedures [51] was 
discussed. This notice was released by Health Canada 
in October 2015 with regards to the number of tubes 
used to perform matrix-based stability evaluations. 
Immediately following the notice, the agency began 
issuing deficiency letters asking for clarification, or 

in some cases, additional stability information based 
on the specifics of each case. The interpretation of 
the notice by the industry was not uniform, and defi-
ciency letters were asking for different stability evalu-
ations to be conducted depending on the details of 
the case, causing generalized confusion over the scope 
of the requests. The impact was wide-reaching and 
costly for applicants in both resources and time. In 
order to clarify the agency’s position on this topic, 
an addendum to the notice was issued in March 
2016 [52] and discussed at the conference. The notice 
applies to bioanalytical methods (primarily employ-
ing LCMS) for the measurement of small molecules 
in BE studies that are pivotal to the regulatory assess-
ment of human therapeutic drug products in generic 
and innovator submissions. Health Canada’s inter-
pretation and expectations for all matrix-based sta-
bility experiments (i.e. long-term, freeze-thaw and 
bench top) is that a minimum of 3 tubes be stored 
and assessed at each QC concentration. Typically 
in the past, matrix-based stability experiments were 
reported using six values (n = 6), and it had been 
assumed that each value represented an individual 
tube. However, the agency came to understand that 
some companies were storing one single bulk tube, 
but then processing and misreporting the data as six 
replicates. Health Canada considers this a misrep-
resentation of the data, since sound scientific prac-
tice indicates that this modified approach should be 
reported as a single (n = 1) stability tube. The US 
FDA and EU EMA BMV guidance/guidelines also 
specify that a minimum of triplicate values must be 
reported. During the discussion the other regula-
tors were in line with Health Canada’s thinking and 
expectations. It should be noted, however, that there 
was considerable disagreement from attendees, who 
claim that their results show no impact from storing 
a single bulk tube or replicate tubes. In response, the 
agency noted that they were open to industry compil-
ing data to support their position, but strongly cau-
tioned that such data is specific to an ingredient and 
to conditions of the method, so that extrapolating 
across ingredients and methods would likely not be 
acceptable. Going forward, data submitted prior to 
the October 2015 notice will be evaluated on a case-
by-case basis to determine if additional stability data 
will be requested. However, it is expected that all sub-
mission after October 2015 contain matrix stability 
performed using a minimum of three tubes per QC 
concentration.

Recommendations
Below is a summary of the recommendations made 
during the 10th WRIB.
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Biomarkers & immunogenicity assays

1. It is recommended to wash solid tissue samples 
with PBS during sample collection to remove pos-
sible blood contamination and flash freeze as soon 
as possible. When heterogeneity of the analyte 
distribution is a concern, use of pulverization and 
homogenization techniques is recommended for 
the entire tissue sample to ensure a representative 
overall measurement. Lipids can often cause a poor 
recovery, therefore performing a correlation with 
lipid concentration and recovery of protein analyte 
is recommended using a commercially available 
lipid clearing solution. It was agreed that it is very 
challenging to test analyte stability in tissues, so it 
is suggested to test stability of homogenate lysate 
over time instead.

2. For protein biomarker assays by Hybrid LBA/
LCMS, as long as validation tests demonstrate that 
the assay is reproducible, there is no preference 
which type of labeled internal standard, whole pro-
tein, winged peptide or exact peptide, should be 
used. To determine whether a Hybrid LBA/LCMS 
assay and LBA assay can be used interchangeably, 
it is recommended that correlation and Bland-Alt-
man plots be used. When changing to a uniplex 
Hybrid LBA/LCMS assay from a validated multi-
plexed LBA assay, some cross-validation tests are 
recommended to establish assay data comparabil-
ity.

3. Overall, Hybrid LBA/LCMS ADA assays can be 
an alternative for screening, isotyping, and titra-
tion assays without needing a confirmatory assay. 
In cases where there is interference from drug or 
from endogenous substances, there could be some 
benefits of using Hybrid LBA/LCMS ADA assays 
for mitigating drug tolerance issues and decreas-
ing the false positive rate. The requirements for 
the validation of Hybrid LBA/LCMS ADA assays 
should be leveraged from the best practices and 
lessons learned from LBA ADA assays, since cur-
rently there are no regulatory guidelines specific 
for Hybrid LBA/LCMS approaches. Using a spe-
cies-specific ADA positive control for validations 
can help establish detection limits during method 
validation, and is essential for Hybrid LBA/LCMS 
assays for surrogate peptide selection.

4. Hybrid LBA/LCMS can be successfully applied to 
semi-quantitative measurement of ADAs through 
direct measurement of IgGs, IgMs, IgAs, IgEs and 
IgDs and their respective subclasses bound to the 
drug, or indirect measurement of the drug bound 

to ADAs. However, more industry experience is 
still needed before this technology is more widely 
adopted. The way of determining ADA positives 
and negatives and interpretation of ADA data also 
needs to be reconsidered and reevaluated due to the 
different techniques in measuring ADA.

PK assays

1. Hybrid LBA/LCMS assays provide structural char-
acterization information during PK analysis and 
improve the understanding of the analyte and biol-
ogy involved in addition to quantification. Method 
development is generally faster compared with tra-
ditional LBA, and comes with improved selectivity 
and less stringent reagent requirements. It is also 
generally less prone to matrix interference due to 
high specificity offered by the detection step. Sci-
entists ideally should consider developing LBA and 
Hybrid methods in parallel with a clear stopping 
point to deciding which one to proceed with based 
on available results. .

2. The high selectivity of LCMS assays can provide 
greater discrimination between interferences, 
modifications, substitutions, and unique signa-
ture peptides than that afforded by traditional 
LBA approaches. When traditional LBA strategies 
to avoid ADA interferences in PK assays do not 
solve the issues, it is recommended to use LCMS 
or Hybrid LBA/LCMS assays with harsher condi-
tions (e.g., alkaline, acid or guanidine combo treat-
ments) for ADA dissociations than those typically 
used for LBA. A clear understanding of the analyti-
cal interferences and limitations is important.

3. Beads have been the most commonly used solid 
state method of choice for Hybrid LBA/LCMS 
assays. On-bead digestion is recommended because 
of its ease and lack of extra step when compared to 
off-bead digestion. The best approach to test clini-
cal Hybrid LBA/LCMS assays for ADA measure-
ment, especially where humans have not yet been 
dosed, is to use pre-existing ADAs, animal ADAs 
as positive controls. Selectivity should be tested in 
both pooled control and pre-dose patient matri-
ces; the effects of specific ligands, such as soluble 
targets, at expected physiological concentrations 
upon drug quantitation in spiked QCs should be 
examined; as well as the impact of added ADAs 
of known high titers. Recovery and digestion effi-
ciency should be examined during method vali-
dation. Recovery results, when patient pre-dose 
samples are tested naive and spiked at the LLOQ 
concentrations, provide information on selectivity 
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and matrix effects. Parallelism experiments should 
be performed during validation and potentially 
also with (pooled) incurred samples. The issue 
of reagent management for Hybrid LBA/LCMS 
assays requires considerations similar to LBA 
reagents including reagent stability, suitability, and 
lot-to-lot comparability.

4. Hybrid LBA/LCMS methods are increasingly 
used to identify, characterize and quantify bio-
therapeutic biotransformations using an integrated 
approach. Understanding biotransformations will 
help scientists determine the impact on efficacy, 
safety, PD, and PK, as well as help to correlate with 
in vitro monitoring. If biotransformations of bio-
therapeutics are present in quantities of more than 
10% of the starting material, it is recommended 
to follow the MIST guidance regarding quantifica-
tion recommendations. For quantities below 10%, 
the minor modified biotherapeutic is likely to have 
less impact on the overall activity, depending on 
how important the biotransformation is to the 
bi otherapeutic.
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Ask the Experts: Biomarkers

Biomarkers are now increasingly used in the pharmaceutical industry for early proof-of-concept 
studies and, furthermore, much research is focusing on the development of diagnostic and predictive 
biomarkers for point-of-care biosensor systems in the clinical environment and beyond. With this 
increase in demand and research, how can the field be standardized and regulated, what are the key 
compliance and logistical challenges, and how can they be overcome?

Check out what some of the key leaders thought about biomarkers in the excerpt below:

What remains the greatest challenge in identifying biomarkers?

“One of most significant challenges we face at Biogen  
in the biomarker field is around identifying biomarkers  

related to central nervous system (CNS) indications and 
therapeutics, particularly biomarkers that measure target 

engagement or a pharmacodynamic response within the CNS.

Given that the CNS is an anatomical location not feasibly 
accessible in clinical studies, we rely on sampling cerebral 
spinal fluid (CSF) and/or neuroimaging to evaluate neural-

specific biomarkers. These approaches are particularly 
challenging due to complex technical considerations and the 

evolving science behind the biomarkers of interest.

With respect to CSF, the levels of proteins are incredibly low 
and not all CNS-specific pathways/mechanisms are mirrored 

in the CSF.  Neuroimaging techniques have great promise 
in understanding CNS disease biology, but the lengthy 

development time for identifying and optimizing novel imaging 
agents is not always aligned with key decision points of the 

drug development program.”

Devagi Mehta, Chris Stebbins, Danielle Graham  
and Lauren Stevenson (Biogen)

“The shear variety and number of  
biomarkers is the greatest challenge.  

Identifying important biomarkers for a specific 
disease still requires understanding of many 

biological mechanisms and pathways.  These 
include small molecules that can be determined 
following metabolomics investigational models, 
proteins and peptides that can be determined 

following proteomic investigational models, lipids 
following lipidomics, etc.

In addition, having the appropriate 
instrumentation, data management and reference 
standards is critical.  These can be routine though 

esoteric.

Finally, another great challenge that remains is the 
complexity of data analysis – e.g., historical data 

for patients, confidence in the correlation between 
the biomarker and disease/outcome over time as 
both analytical technology and treatments change 

over time, and other complexities around data 
analysis.”

Patrick Bennett (PPD)

“I think the challenge is not necessarily in identifying biomarkers  
but rather in identifying the RIGHT biomarkers. Quite often we see new 

biomarkers come along but without sufficient physiological information as 
to their behaviour or variation – both in normal and disease states.

Furthermore, with the advent of the ‘ultra-sensitive’ platforms, I think 
that new biomarkers are sometimes being put forward for investigation 
prematurely as often there are technological (method) issues still to be 

answered before we can reliably investigate the changes and levels of the 
biomarker. Often the question is how can we prove that we’re measuring 

what we think we are? And this is sometimes not substantially addressed.”

John Allinson (LGC Group)
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Special Focus Issue: Bioanalysis of Biomarkers

Bioanalysis published two Special Focus issues on Bioanalysis of Biomarkers in 2016. Biomarkers come 
in many forms with their complementary technologies, but are central to current drug development. 
The themed issues contain a collection of articles on biomarkers in drug development, technology 
assessments and scientific applications. 

The two Special Focus issues have been Guest Edited by Mark E. Arnold (Covance Laboratories, Inc., 
USA), Hendrik Neubert (Pfizer, Inc., USA), Lauren F Stevenson (Biogen, USA) and Fabio Garofolo 
(Angelini Pharma, Italy). The Guest Editors provided a scene-setting foreword in the first issue, which 
explains, 

“Our intention going in was to highlight the variety of challenges that measurement of biomarkers poses and 
the breadth of technological solutions being applied.  In reaching out to peers and the scientific community, 
we were delighted to see the extensive response from not only those working with technology typically seen in 
the pages of this journal … but also from those using an array of other technologies…”.

The Special Focus issues contain a variety of content including Editorial, Review and Research Articles 
looking at the challenges in measurement of biomarkers, and the range of technological solutions 
(both tested and new) available to overcome these challenges. The potential use of alternative analytes 
as biomarkers, and associated bioanalytical advancements are also touched upon. The ‘2016 White 
Paper in Bioanalysis’ recommendations from the 10th WRIB, focusing on Biomarker Assay Validation 
(BAV), are also featured in these issues.

“I am delighted to have worked with experts from the industry to produce this timely and comprehensive 
two-part Special Focus Issue discussing the challenges, advancements and next steps in biomarker bioanalysis” 
stated Sankeetha Nadarajah, Editor of Bioanalysis.

Both issues can be viewed here:

Part I of the Special Focus Issue on Bioanalysis of Biomarkers

Part II of the Special Focus Issue on Bioanalysis of Biomarkers
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HRMS

Bioanalysis, published a Special Focus issue on HRMS in DMPK, which is a follow-up to the two 
Special Focus issues of Bioanalysis on HRMS that were published in 2012 and 2013. The issue contains 
a collection of articles that provide an update on how HRMS is being used by scientists engaged in new 
drug discovery and drug development. 

Walter Korfmacher, one of the Guest Editors from Sanofi commented, “This special issue on HRMS will 
be of interest to those bioanalytical scientists currently using HRMS as well as to those who are planning to 
use HRMS systems in the near future.”

The special issue includes a range of articles including an opinion article discussing the rationales 
between the terminologies HRMS and HRAMS, and a Commentary on the outsource-ability of 
HRMS-based DMPK assays. It also includes several Research Articles on expanding the applications of 
HRMS, a Perspective article looking at the use of a Q-Exactive series mass spectrometer for regulated 
quantitative bioanalysis, and a Review on recent developments in software and automation tools for 
high-throughput discovery in vitro ADME assays based on HRMS.

“Today’s HRMS systems are starting to reach new heights and are capable of providing triple quadrupole 
like quantitative sensitivity, while providing options to gain qualitative information. However, are HRMS 
systems ready to replace triple quadrupoles? Can CRO partners accommodate HRMS-based DMPK assays? 
To learn more about HRMS in DMPK applications and to understand how the technology has evolved, 
pharmaceutical, CRO, regulatory agency, and chemical industry bioanalytical scientist should take advantage 
of the special issue on HRMS” said Ragu Ramanathan, Guest Editor from Pfizer.

View the full issue – www.future-science.com/toc/bio/8/16

Special Focus Issue: HRMS in DPMK
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High-resolution MS (HRMS) has seen an uptake in use for discovery qual/quan 
workflows, however, its utilization in late discovery/development has been slow. 
Past reports comparing HRMS to triple quadrupole (QQQ) instrumentation to date 
have indicated that HRMS instruments are capable of producing data acceptable for 
regulated bioanalysis, however lack the sensitivity required for sub ng/ml LLOQ assays. 
Recent advances in HRMS instrumentation have closed the sensitivity gap with QQQ 
and have even provided improved selectivity and sensitivity over QQQ SRM assays. 
Herein, the authors will describe how, when, and why HRMS (specifically Q-Exactive 
series mass spectrometers) should be considered for implementation in regulated 
quantitative bioanalysis assays.
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In the early 2010s there was great interest 
regarding the potential use of high-resolution 
MS (HRMS, HRAM, HR-MS, HR/MS) in 
the drug discovery and development work-
spaces. In 2011 Ramanathan et al. [1] and 
Korfmacher [2] posed the following ques-
tion. Is it time for a paradigm shift in drug 
discovery bioanalysis from SRM using triple 
quadrupole instruments (QQQ) to HRMS 
analysis? The key term here is drug discovery. 
During drug discovery HRMS instruments 
are commonly operated in full-scan MS1 
mode (Qual/Quan approach) where both 
quantitative (drug concentration) and quali-
tative (drug metabolites, post-translational 
modifications, degradants, biomarkers, and 
formulation materials) information can be 
collected in a single data acquisition. At the 
time of data acquisition the analyst may have 
certain targets for which they are seeking 
information. However, data from full-scan 
information may be mined at a later time for 
additional supporting information to help 

determine the drug’s performance. Because 
data were collected in full-scan mode on an 
HRMS instrument, the existing raw data 
files may be processed to extract the infor-
mation rather than requiring a new sample 
preparation and LC–MS analysis. From this 
description, it is clear that HRMS instru-
ments operated in Qual/Quan mode have 
a definite efficiency advantage over triple 
quadrupole SRM workflows. There are sev-
eral descriptions in the literature describing 
the use of HRMS quadrupole time-of-flight 
(Q-TOF) and orbitrap-based instruments for 
this type of application [3–8].

In 2013, Fung et al. [9] and Huang et al. [10] 
both published perspective articles in Bio-
analysis describing the current use of HRMS 
in bioanalysis. At that time it was well 
accepted that HRMS instruments could pro-
duce accurate and precise quantitative data. 
There are examples of HRMS instruments 
providing excellent quantitative performance 
for liquid biofluid [11–25] and dried matrix 
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spot samples [26–29]. However, there was some ques-
tion regarding if/when this approach would become 
more mainstay in drug development. The authors pru-
dently detailed challenges related to mainstream use of 
HRMS in the development arena. The challenges are 
as follows:

• Qualitative data are less important at the devel-
opment stage so justifying large data files is more 
difficult [9].

• HRMS instruments lack the sensitivity required 
for low pg/ml LLOQ and triple quadrupole instru-
ments (QQQ) remain the most sensitive platform 
for demanding assays [9,10].

• Data storage and retrieval systems need to be well 
thought out regarding the handling of the large 
data files generated by HRMS. Can the current 
information technology infrastructure within an 
organization adapt the data management capacity 
generated by HRMS instruments? [9,10].

• Data processing between QQQ and HRMS instru-
ments are fundamentally different [9,10]. For QQQ 
instruments the extracted ion chromatograms 
(XIC) are defined by the data acquisition param-
eters. The analyst simply uses the data processing 
software to extract the acquired SRM transition 
information from the dataset. For HRMS instru-
ments, the instrument data acquisition parameters 
do not precisely define what ions are used for quan-
tification. Rather, defined accurate masses and 
mass extraction windows (MEW) of the analytes 
and internal standards are used postacquisition for 
software processing to define the construction of 
the integrated XICs. Can the same MEW gener-
ate uniform selectivity throughout an entire drug 
program or will there be a point where a change 
in MEW will be necessary? If a change in MEW 
is deemed necessary, such changes would require 
partial validation of the method [9].

• HRMS full scan data are rich in information. This 
is why there has been great success for the plat-
form in discovery. During GLP and clinical stud-
ies it may be tempting to mine the data for other 
metabolites/biomarkers that were not included in 
the validated method. However, there could be 
regulatory compliance issues since this is beyond 
the scope of the validated method and patient 
consent may be lacking [9]. In addition, PK/TK-
validated methods for GLP and clinical studies are 
designed specifically to optimize sample extraction 
procedures for selectivity/sensitivity of the target 

analyte. The qualitative data in these sample sets 
may not be representative of metabolite/biomarker 
distributions and therefore unreliable for secondary 
investigations [10].

There are several HRMS platforms (Q-TOF, TOF, 
Fourier transform ion cyclotron resonance and orbi-
trap-based mass analyzers) available to bioanalysts. 
The general challenges and best practices for HRMS 
implementation discussed herein can likely be applied 
to the other common HRMS platforms listed above, 
however specific method development strategies out-
lined below will focus on data acquisition modes spe-
cific to Q-Exactive series mass spectrometers. The aim 
of this article is to provide a foundation for successful 
implementation of Q-Exactive series-based HRMS 
platforms into regulated quantitative bioanalysis labo-
ratories. Specifically, instrument validation consider-
ations, method development/validation strategies and 
examples where HRMS address QQQ limitations will 
be referenced and presented. Despite this article focus-
ing on HRMS implementation in a drug development 
setting, the general strategies can be applied to other 
regulated industries including environmental analysis, 
food safety/quality, forensic science, and sports-doping 
testing.

How is HRMS implemented for quantitative 
bioanalysis in a regulated environment?
As discussed above, HRMS has been well accepted 
in the discovery arena for qual/quan workflows. In 
2013 the outlook for HRMS in late discovery/develop-
ment was cloudy [9,10]. The selectivity gained through 
HRMS was impressive but it was still uncertain if 
HRMS instruments had the wherewithal to be a seri-
ous contender in regulated quantitative bioanalysis, an 
area dominated by QQQ instrumentation. This article 
will cover how HRMS instrumentation, specifically 
Thermo Q-Exactive series mass spectrometers, can be 
implemented in a regulated bioanalysis setting. The 
authors will share their experiences with the technol-
ogy and where they foresee HRMS can greatly improve 
the quality of assays that can be developed to support 
a promising drug candidate’s journey toward approval.

Specific consideration should be given to the opera-
tional differences HRMS presents over QQQ quanti-
tation. Regulatory auditors and inspectors have become 
comfortable with LC–MS data but this confidence is 
derived from decades of QQQ-generated chromato-
grams and integrated peak areas. As described above, 
and further elaborated below, the process of generat-
ing a chromatogram from an HRMS instrument is a 
postacquisition activity and thus redefines what raw 
data are. This is a very important concept that requires 
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education, scientific defense, and control measures. 
To date, regulatory authorities have expressed sup-
port for HRMS use in bioanalytical application but 
it is incumbent on analysts to be able to explain, jus-
tify, and reconstruct experimental parameters that 
fundamentally influence the data being reported.

Considerations for HRMS software validation
Instrumentation that uses software to create, modify, 
maintain, archive, retrieve or transmit nonclinical and 
clinical data that may be used in a regulatory filing 
should be thoroughly vetted prior to implementation 
in a bioanalytical laboratory (instrument validation). 
One of the prerequisites for an instrument to be con-
sidered for regulated bioanalysis is that it possess soft-
ware capable of meeting the recommendations set forth 
by regulators to ensure the integrity and traceability of 
data acquired [30]. Therefore, it is advantageous to work 
with an instrument company that has an established 
history of manufacturing mass spectrometers and soft-
ware for regulated bioanalysis. It should be noted that 
these software packages may have been created with 
QQQ instrumentation in mind. Therefore, it is the 
responsibility of the bioanalytical laboratory to ensure 
that the software acquires data under the secure data 
system as intended, tracks users’ actions accurately, 
and maintains data integrity during storage.

The main difference between QQQ and HRMS 
software rests in how the data are acquired and pro-
cessed. For QQQ instruments, the acquisition param-
eters define the scan filters (SRM transitions) that are 
used to generate extracted ion chromatograms for an 
analytical run. For HRMS, the acquisition parameters 
do not define the processing parameters. For acquisi-
tion, analysts define the mass range and experimental 
mode (full-scan MS1 or MS/MS) in which the data 
will be collected but do not de-facto limit how the data 
can be processed. Quantitative information for HRMS 
instruments is extracted postacquisition using defined 
analyte and internal standard accurate masses and 
MEW. Other than scheduled calibration and resolu-
tion settings, the user does not have control over what 
mass is recorded by the instrument, but does have input 
regarding how narrow of a mass range will be used to 
generate XICs for quantitative analysis. The HRMS 
instrument generates an in-run accurate mass that will 
not always be the exact same as previously observed 
or predicted for the target compound. The MEW is 
used to factor in the uncertainty in the target com-
pound’s accurate mass across each scan and enables the 
generation of representative XICs. For example, if the 
target ion has a predicted mass-to-charge ratio (m/z) of 
762.394 the observed apex of the ion peak may fluctu-
ate from m/z 762.390 to m/z 762.399. The MEW for 

this compound should factor in this mass uncertainty 
so the XIC produced for this ion in a quantitative assay 
should contain peak information from approximately 
m/z 762.388 to m/z 762.400 (MEW = ±0.006 m/z 
units). It is important to ensure that the MEW input 
into the processing software is accurate as the MEW 
affects accuracy and selectivity of an assay signifi-
cantly [19]. The software’s audit trail can help confirm 
that the same MEW is used from run to run for a given 
study.

Considerations for instrument calibration 
frequency
In our experience, the Q-Exactive series mass spec-
trometer has excellent day to day mass accuracy stabil-
ity. Weekly mass accuracy calibration has been recom-
mended by Thermo [31]. When we first started using 
a Q-Exactive series mass spectrometer for targeted 
quantification we conservatively calibrated mass accu-
racy prior to each run (e.g., daily calibration). As time 
went on, the HRMS scientific team began to moni-
tor the mass accuracy over extended periods after mass 
calibration. It was determined that a minimum cali-
bration of every 3 days could be implemented opera-
tionally without any negative effects on data integrity. 
This time frame is also convenient as it enables several 
runs to be queued up over the weekend without inter-
ruption. It is up to the organization’s scientific team to 
evaluate the mass accuracy performance of any HRMS 
instrument prior to assigning a calibration schedule. 
Once defined, the calibration schedule should be 
captured in the standard operation procedure for the 
instrument platform.

Considerations for determining the optimum 
MEW for a method
As mentioned above, the observed accurate mass of an 
ion can vary slightly from scan to scan. In the authors’ 
experience, on a Q-Exactive series mass spectrometer 
the observed m/z of an ion that has a charge state of 1 
and a low molecular weight (<500 Da) displays a very 
static accurate mass and rarely varies more than ±0.001 
m/z unit. For multiply charged ions with m/z values 
exceeding m/z 500 the authors have observed greater 
mass accuracy fluctuations ranging from ±0.004 m/z 
unit to ±0.008 m/z unit. In general, the mass accu-
racy for ions used for quantification do not vary greater 
than 5 ppm across an assay’s concentration dynamic 
range (typically three orders of magnitude).

Selection of an MEW that is both selective and 
quantitative across an assay’s dynamic range is critical. 
The MEW must be small enough to provide selectiv-
ity from background ions and large enough to provide 
coverage of the target ion’s mass accuracy fluctuation 
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Figure 1.  Example of raw data output for a mid-concentration standard curve sample using high-resolution MS/MS acquisition on 
a Q-Exactive series mass spectrometer. The analyst can clearly pick out the accurate masses for the predefined analyte (y5, y6, y7) and 
internal standard (y5 and y7) ions that will be used to generate XICs.
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over the concentration range and data collection dura-
tion [19,32]. Conceptually, there are two ways to define 
the accurate mass for a given quantitative method. In 
both approaches, the MEW tolerance should remain 
static. In the first approach, the analytical method doc-
ument would contain the exact mass for the analyte and 
internal standard calculated in silico using each com-
pound’s chemical formula and apply that to all runs. 
Since the observed accurate mass will vary from the 
exact mass from run-to-run the defined MEW will be 
asymmetric around the analyte and internal standard 
accurate masses. This approach will necessitate the 
analyst to specify that a larger MEW be used for vali-
dation and sample analysis so that the target ions can 
be quantified accurately and reproducibly. A drawback 
to this approach is that the necessity of a larger MEW 
may introduce background noise affecting the rugged-
ness of the method’s selectivity [33]. In a 2012 Bioanal-
ysis article, Ramagiri et al. eloquently presented the 
processing challenges associated with HRMS data [19]. 
Using a Q-TOF, the authors presented the negative 
impact that a wider MEW can have on signal-to-noise 
(S/N) at different analyte concentration levels.

The second approach specifies that the defined 
MEW will be applied to the in-run accurate mass 

determined by averaging the scans present across the 
full-width at half-maximum of a mid-level standard 
XIC. This approach results in a symmetric MEW 
used for quantification and enables the analyst to 
develop a method with a smaller MEW resulting 
in maximum selectivity. In practice, the process of 
extracting the accurate masses for the quantitative 
ions is very straightforward. The analytical method 
document would specify the analyte and inter-
nal standard accurate masses observed in method 
development/validation and the mass tolerance 
(e.g., MEW) within which the target ions should be 
observed. The analyst identifies the ions present in 
the averaged mass spectrum within the defined mass 
tolerance and then integrates the chromatographic 
peaks within the run using those values. Figure 1 
displays the raw data output for a mid-concentration 
standard curve point using HRMS MS/MS (PRM) 
acquisition method on a Q-Exactive series mass spec-
trometer. The analyst can clearly identify the accu-
rate masses for the predefined analyte (y

5
, y

6
, y

7
) and 

internal standard (y
5
 and y

7
) ions that will be used to 

generate XICs since they are very abundant at this 
concentration level. The second approach maximizes 
selectivity for the HRMS approach.
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Figure 2.  Method development decision tree for developing high-resolution MS acquisition methods for a 
Q-Exactive series mass spectrometer.
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Acquisition mode decision tree when creating 
a method for a Q-Exactive series mass 
spectrometer (method development)
Gallien et al. detailed well the capabilities and per-
formance of a Q-Exactive series mass spectrometer 
for quantitative applications [34]. The authors’ suggest 
that readers review this article if unfamiliar with the 
quantitative capabilities of a Q-Exactive series mass 
spectrometer. The most common HRMS quantifica-
tion mode is full scan MS1. This is the mode often 
utilized in qual/quan workflows and is likely the mode 
traditionally used when comparing overall sensitiv-
ity performance between HRMS and QQQ instru-
ments [9,14,18,20,27]. In late stage discovery/development, 
the main focus is to quantitate drugs and metabolites 
in biological matrices with excellent selectivity and sen-
sitivity. If HRMS using a Q-Exactive series mass spec-
trometer is required, the best sensitivity for an MS1 
acquisition will be achieved by minimizing the mass 
range of ions that are able to enter the C-trap [24]. This 
observation is attributed to the fixed capacity of ions 
that a C-trap can hold for a given automatic gain con-
trol setting. Once the C-trap fills to the specified auto-
matic gain control, no additional ions (background or 
analyte) are allowed to enter the C-trap until the fol-
lowing scan acquisition. If the quadrupole mass filter is 
not operated to limit population of ions that enter the 

C-trap, the authors have observed that C-trap fill times 
will commonly be less than 10 ms and the fraction of 
ions derived from the analyte and internal standard 
are suboptimal. For maximum sensitivity, the C-trap 
should be filled for as long as possible (required resolu-
tion for the orbitrap acquisition should limit C-trap fill 
time, e.g., maximum injection time) with the purest 
population of analyte and internal standard ions. This 
is why during the authors rarely operate in full scan 
mode during method development for quantitative 
assays on an HRMS instrument.

Figure 2 displays the decision tree matrix that 
method development scientists employ when develop-
ing an HRMS method for a Q-Exactive series mass 
spectrometer. For Q-TOF users, please see the Rama-
giri et al. publication where a method development 
decision tree for Q-TOF targeted protein/peptide 
quantification is presented [19]. If there is adequate 
selectivity in an MS1 level acquisition, the simplest 
acquisition mode would be to measure the analyte 
and internal standard using a selected ion monitor-
ing (SIM) acquisition method. SIM acquisition uti-
lizes quadrupole selectivity to bracket the analyte and 
internal standard precursor ions so they both travel 
through the quadrupole and enter into the C-trap 
together. After the ions are collected in the C-trap, 
they are injected into the orbitrap mass analyzer for 

Analyst would like to develop a Q-Exactive HRMS quantitation method
The compound could be a small molecule, peptide therapeutic, surrogate 

peptide of a protein therpeutic, etc)

Is there adequate selectivity and sensitivity 
for the compound using a MS1 acquisition method?

Yes No Yes No

Are the data acceptable using a selected ion 
monitoring (SIM) acquisition method?

Does the compound fragment well?

Move forward with a 
SIM method

Try a multiplexed 
targeted SIM 
(MSX) method

Try a targeted MS/MS 
(PRM) method

Try a survivor SIM 
method

Yes No
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analysis. If there are background ions present between 
the analyte and internal standard ion envelopes which 
dramatically affect the purity of the ion population 
within the C-trap resulting in non-optimal C-trap fill 
times and poor SIM data, a multiplexed targeted SIM 
acquistion may be applied to exclude the background 
ions from the C-trap. During a multiplexed targeted 
SIM acquisition, the quadrupole rasters between 
analyte and the internal standard ion envelopes such 
that analyte ions and internal standard ions enter the 
C-trap separately. By operating the quadrupole in this 
manner, background ions in the mass region between 
the analyte and internal standard ion envelopes are 
excluled from the C-trap fill resulting in a purer popu-
lation of ions of interest trapped in the C-trap. After 
the analyte and internal standard ions are trapped 
together in the C-trap they are injected together into 
the orbitrap mass analyzer for mass analysis (same as 
SIM mode). If selectivity for the analyte and inter-
nal standard are poor in MS1 acquired data even at 
a resolving power of 140,000 at m/z 200, MS/MS 
(PRM [35]) data collection should be considered. This 
acquisition mode normally results in superior sensi-
tivities when mass analysis is limited by selectivity 
issues in either MS1 HRMS analysis or QQQ SRM 
(an example will be discussed later). Lastly, a pseudo-
SRM acquisition can be used to increase selectivity for 
ions that have poor MS1 selectivity and do not frag-
ment well by collision induced dissociation [36]. On 
a Q-Exactive series mass spectrometer, this pseudo-
SRM approach has been termed ‘Survivor-SIM’ [37]. 
In this approach, collision energy is applied to break 
up the background ion precursors that crowd the MS1 
precursor ion envelope of the analyte. The predefined 
accurate mass ions of the precursor analyte are used 
for quantification in this MS/MS approach. An exam-
ple of the Survivor-SIM scan mode will be described 
later in this article.

Should all the ions within the ion envelope be 
summed together or should only select ions be 
used?
The common practice in the authors’ laboratory for 
HRMS quantification is to use the quadrupole on 
a Q-Exactive series mass spectrometer to select one 
charge state envelope of the analyte to monitor for 
quantification. Operation of the HRMS instrument 
in this manner does not allow a user to sum all the ions 
from the multiple charge state forms of the analyte 
as is sometimes done in the qual/quan approach [9]. 
If only one charge state of the analyte and internal 
standard are monitored, should all of the ions pres-
ent within each species’ ion envelope be summed? In 
the authors’ experience and others’ [19], the answer is 

no. During method development each ion within the 
analyte and the internal standard ion envelope should 
be interrogated over several runs to determine the 
best ions to generate an XIC from. As described pre-
viously [19], although the HRMS approach ‘promises’ 
to show an analyst every ion present in a mass spec-
trum, matrix background interferences can affect the 
purity of a given HRMS ion peak. This was true for 
the z = +4 charge state of hepcidin-25 when analyzed 
using a Q-TOF mass spectrometer [19] and can even 
be present on a mass analyzer capable of higher resolv-
ing power like a Q-Exactive series mass spectrometer. 
In addition to matrix interferences, the authors have 
also observed varying mass accuracy fluctuations from 
scan-to-scan and across the dynamic range of an assay 
from ions within the same charge ion envelope, par-
ticularly for multiply charged species. Inclusion of 
ions that have poor mass accuracy performance can 
severely hinder the ruggedness of an assay. Currently, 
there are no automated solutions to the evaluation of 
different ion combinations and MEWs for quantita-
tive assays. It would be a great boon to the method 
development process if vendors developed software 
that could iteratively test combinations of different 
ions for quantitative performance. However, once the 
analyst has thoroughly evaluated the ions in an enve-
lope, the selectivity and performance of an HRMS 
method is outstanding.

Defining system suitability requirements: if 
there is no noise how useful is S/N criteria?
Figure 3 displays XICs for a matrix zero sample blank 
and LLOQ for a small molecule HRMS MS/MS 
(PRM) assay developed at the authors’ laboratory [17]. 
The MEW for the XICs displayed was ±0.003 m/z 
units. For this assay no observable gain in signal 
was observed by increasing the MEW. The reader’s 
attention should be drawn to the absence of ion cur-
rent observed in the matrix zero sample blank. The 
selectivity is outstanding, especially for an assay that 
was experiencing significant trouble meeting LLOQ 
requirements on a QQQ instrument operated in SRM 
mode due to background noise (Figure 4). The lack of 
ion current observed in the matrix zero sample blank 
is not unique to this assay, and is typical of all the 
HRMS MS/MS (PRM) methods developed to date at 
the authors’ laboratory. This presents a challenge for 
the analyst, as the lack of background response com-
plicates evaluation of S/N as an estimation of assay 
performance. In common analytical methods where 
background noise is present, the limits of detection 
and quantitation are estimated by evaluation of S/N 
ratios. However, it is difficult to apply this concept to 
HRMS data when no noise is observed. Rather than 
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Figure 3.  Example XICs for a (A) matrix zero sample blank and (B) LLOQ for a small molecule HRMS MS/MS (PRM) 
assay. Note that there is no observable noise in the analyte channel. How can S/N criteria be used to determine 
LOD and LLOQ? 
HRMS: High-resolution MS; S/N: Signal-to-noise.
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defining the LLOQ based on S/N, we believe the 
LLOQ should first be defined by the needs of the assay 
and then demonstrated quantitatively to be measurable 
within acceptable accuracy and precision criteria.

Prior to any validation experiment or sample analy-
sis batch, a system suitability consisting minimally of 
a low concentration standard is acquired to assess the 
condition of the experimental extraction and LC–MS 
system. Common system suitability criteria are based 
around S/N at a specified concentration. As S/N is 
often not a useful metric for HRMS data, it is criti-
cal to track the area and spectral intensity of system 
suitability samples during method development and 
validation so appropriate criteria can be assigned. In 
practice, the authors have found that using either a 
minimal peak area or spectral intensity threshold for 
the system suitability sample can confirm the appro-
priateness of the extraction and LC–MS equipment 
for the subsequent analytical run.

Data file size minimization
The data file size of HRMS raw files was an important 
challenge topic in previous HRMS perspective arti-
cles [10,14]. It is true that SRM data files are smaller than 
HRMS data files. It is also true that SRM data are much 
simpler than HRMS data. The data output for SRM is 
the number of ions hitting a detector during a specific 
duration for the defined precursor to product transition. 
The data output for an HRMS experiment is a high-
quality HRMS mass spectrum for each scan. An ana-
lyst can see exactly what they are measuring rather than 
assuming that the QQQ mass spectrometer is trans-
ferring only the specified precursor and product ions 
through Q1 and Q3. With quality comes data size. The 
size of a typical 5 min SRM raw file is approximately 
0.100 Mb (internal data). The size of a 5 min HRMS 
raw file can vary depending on acquisition mode and 
time. For a 5 min acquisition in full scan mode (m/z 200 
to m/z 1500) the file size can be approximately 60 Mb 
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Figure 4.  Example that selectivity is not always achievable in MS1 mode on a high-resolution MS instrument. (A) MS1 XIC for a small 
molecule (MEW = 0.003 m/z units) using 140,000 resolving power (m/z 200) at the ULOQ. (B) MS/MS acquisition at 17,500 resolving 
power (m/z 200) at the ULOQ. Note the SRM transition used for (B) exhibited high background noise on a QQQ supporting the use of 
HRMS MS/MS acquisition for this analyte.
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and in SIM mode (6 m/z unit window) approximately 
20 Mb (internal data). When the SIM mode acquisition 
time is reduced to 0.8 min (±0.4 min around the XIC 
apex for the analyte/internal standard determined for 
system suitability samples) the file size can be reduced to 
approximately 3 Mb (internal data). For a 96-well block 
run, the SRM will produce approximately 10 Mb of 
data and the HRMS instrument operated for 0.8 min in 
SIM mode will produce approximately 300 Mb of data 
(30-times greater than SRM). Data file size can be min-
imized by limiting mass range and the amount of time 
that data are collected during a sample acquisition. The 
total data size can be manageable with proper IT infra-
structure in place. However, vendors should continue to 
strive to minimize the data footprint that HRMS data 
can command. In the case of Q-TOF technology, it has 
been reported that analysts and vendors have been able 
to minimize quantitative QTOF data file size by operat-
ing in TOF-MRM mode (0.100 Mb per raw file) which 
is a major feat for HRMS technology [38].

Analyst education
Considering the advantages HRMS affords to early 
stage drug discovery with combined quantitative and 
qualitative aspects, and the sensitivity improvements to 
targeted quantification achieved via improved selectiv-
ity, why has not adoption of HRMS in regulated bio-
analysis been more widespread? One point of resistance 

to this paradigm shift is the experience gap with skilled 
users of the technology. As QQQ mass spectrometers 
have dominated the instrument fleets of small molecule 
bioanalytical labs, the nuances specific to SRM mea-
surements have dominated our rhetoric, our infrastruc-
ture, and our operational and scientific mindsets. Key 
to bridging this gap is the effective training of our ana-
lysts in the HRMS technologies and techniques. The 
nucleus of any effort to introduce advanced and disrup-
tive approaches in a contract research laboratory rests 
within the method development/validation team. It is 
here where investments in skilled HRMS scientist(s) 
should be made along with the associated instrumenta-
tion acquisitions. Collaborative efforts with sponsors to 
apply HRMS to bioanalytical challenges allows for the 
hands-on experience necessary to standardize internal 
practices and set operating procedures. Once utility is 
demonstrated and methods are developed, transfer of 
knowledge to production staff is accomplished through 
established standard operation procedures and hands-on 
training via the method development function.

When & why is HRMS implemented for 
quantitative bioanalysis in a regulated 
environment?
Selectivity challenged assays
High-resolution accurate MS instruments will not 
replace a fleet of QQQ instruments for targeted quan-
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tification. Quantification of small molecules by QQQ 
instruments operated in SRM mode has been the gold 
standard for LC–MS quantitative approaches for the 
last 20 years [39–42]. Over this time period advances 
in drug design have increased the specificity of thera-
peutics to their targets resulting in decreased dosing 
amounts and subsequently the necessity for more sensi-
tive modes of detection. For QQQ systems, an assay’s 
sensitivity is often limited by the selectivity of the SRM 
transition compared with the background ion current. 
Solutions developed over the years to address selectiv-
ity-challenged assays include the use of ion mobility to 
separate ions based on charge, m/z, and/or collisional 
cross-section [36,43,44]; the employment of a second frag-
mentation stage for product ion fragmentation (SRM 
cubed; SRM3 [45]) and use of HRMS to differenti-
ate background interference ions from target analyte 
ions [17,19,23,37,38]. The prior two techniques have been 
used in niche circumstances without wide adoption. 
HRMS, on the other hand, has been gaining traction 
in the bioanalysis community and has risen to the fore-
front of alternative selectivity technologies for LC–MS 
quantitative bioanalysis [8,13,17,19,21,23,24,34,35,37,38,46,47].

The 2015 WRIB conference in Miami, FL, USA was 
led off by Chris Evans who posed the following ques-
tion. When you need a sensitive and selective method, 
the answer could be HR-MS [38]?! Evans presented 
three examples of assays that required increased sensi-
tivity but experienced selectivity issues on a QQQ. In 
each of these examples HRMS selectivity proved to be 
a reliable tool able to mitigate the QQQ background 
interferences to push the LLOQ into the low pg/ml 
range. An example of HRMS power to push sensitiv-
ity limits by overcoming background interferences 
is displayed in Figure 4. Here, the HRMS approach 
was used to develop an assay for a small molecule 
compound, where selectivity interferences prevented 
quantitation below 10 pg/ml by SRM. Using the deci-
sion tree model displayed in Figure 2, the authors first 
attempted to develop the assay in MS1 mode. Figure 4A 
shows that there was constant background noise for 
the analyte and internal standard precursor ions even 
when the Q-Exactive series mass spectrometer was 
operated using maximum resolving power of 140,000 
at m/z 200 and an MEW of ±0.003 m/z units. Follow-
ing the decision tree, MS/MS (PRM) mode at vary-
ing resolving powers was employed. Figure 4B displays 
the excellent selectivity that was achieved in MS/MS 
(PRM) mode even under ‘low’ resolution conditions 
for an orbitrap (resolving power of 17,500 at m/z 200). 
The excellent selectivity at the ‘low’ resolution value 
enabled the authors’ to operate the orbitrap at 12 Hz 
scan speed enabling excellent sampling of a 6 s wide 
(baseline) chromatographic peak. Under these condi-

tions the authors were able to validate the assay with 
a 2 pg/ml LLOQ, a five-fold improvement over that 
achieved using a QQQ platform. Additional examples 
of this type of HRMS performance over SRM can be 
found in the literature [21,32].

It is important to evaluate new technologies for bio-
analysis, especially if they simplify analytical workflows 
and increase the ruggedness of a method. Figure 5 is an 
example where a simpler, more user-friendly nanoelec-
trospray (nanoESI) source was tested during develop-
ment of a large molecule quantitative assay requiring a 
demanding 7 pg/ml LLOQ [21]. Figure 5A shows that 
the 7 pg/ml LLOQ could not be achieved using the 
newer nanoESI source on a QQQ instrument due to 
sensitivity limitations rising from a high background 
ion current. Figure 5B shows the 7 pg/ml LLOQ on 
a Q-Exactive series mass spectrometer operated in 
MS/MS (PRM) mode. The background interference 
observed on the QQQ instrumentation was miti-
gated by the accurate mass selectivity. This assay has 
been successfully validated on the HRMS instrument 
platform.

Analytes that do not fragment well
It can be near impossible to develop a selective and sen-
sitive SRM method for a compound that does not frag-
ment well. For these compound types, HRMS is an 
excellent alternative to QQQ SRM or QQQ pseudo-
SRM strategies. In 2013, two papers detailed the suc-
cessful application of HRMS to bile acid quantifica-
tion for discovery [13] and regulated bioanalysis [23] 
programs. In both publications, the authors alluded to 
the challenges of measuring bile acid concentrations 
by SRM. These challenges include the wide variety 
of naturally occurring bile acids which are difficult to 
separate chromatographically, the lack of fragmenta-
tion of unconjugated bile acids, and the use of either 
pseudo-SRM approaches or SRM transitions based on 
adducts which result in high background noise and 
poor selectivity [23]. Using an HRMS instrument oper-
ated in MS1 full scan (m/z 350 to m/z 550) or targeted 
SIM modes, the authors’ were able to qualify or vali-
date panel assays for 19 and 6 bile acids, respectively. 
In both cases, the background interference hindering 
QQQ quantitation method development was reduced 
by use of an HRMS MS1 approach.

Another class of compounds that do not fragment 
well using collision-induced dissociation are disulfide-
rich cyclic peptides [37,48]. The low intensity product 
ions observed in MS/MS spectra of these compounds 
are very complex and difficult to interpret [48]. HRMS 
operated in MS1 mode is an attractive platform for 
quantitative analysis of these compounds. However, as 
noted above, occasionally even at its highest resolving 
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Figure 5.  Example where high-resolution MS selectivity can improve the performance for a demanding LLOQ 
assay facilitating higher throughput. (A) LLOQ on a Thermo TSQ Vantage. (B) LLOQ on a Thermo Q-Exactive series 
mass spectrometer.
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power an HRMS instrument cannot totally eliminate 
chemical noise which interferes with accurate detec-
tion of the analyte. For situations where chemical 
interferences continue to confound the generation of 
a selective/sensitive analytical method for a fragmenta-
tion resistant compound even at maximum resolving 
power, Ciccimaro et al. presented a novel scan mode 
(Survivor-SIM) to address this niche area [37]. Survivor-
SIM is akin to pseudo-SRM on a QQQ. The precursor 
ion is selected for fragmentation in the second stage of 
the mass spectrometer and the fragmentation-resistant 
‘survivor’ ion is subsequently used for quantitation. 
Although feasible on a QQQ mass spectrometer, the 
lack of resolving power and mass accuracy normally 
results in a high chemical background [36]. Perform-
ing the same acquisition type (Survivor-SIM) on an 
HRMS instrument is a different case. Figure 6 shows 
an example of Survivor-SIM in operation. Figure 6A 
displays the mass range m/z 616 to m/z 618. Within 
this mass range is the z = +5 charge ion envelope for 
the peptide of interest in human plasma. As displayed, 
the software was unable to determine the charge 
state using any of the ions observed in this window. 
Figure 6B displays the same mass range when a higher 
normalized collision energy of 24 was applied for frag-
mentation in the higher energy collision dissociation 
cell on a Q-Exactive series mass spectrometer. As dis-
played, the background interference ions have been 
fragmented into smaller product ions leaving the z = 
+5 charge ion envelope for the peptide of interest read-
ily observable. This acquisition mode enables users to 
accurately quantify difficult to fragment analytes at 
a lower LLOQ by simplifying the population of ions 
within the m/z region of the analyte of interest [37].

Large molecule bioanalysis
Due to their size, charge state heterogeneity and frag-
mentation challenges the quantitation of peptide and 
protein therapeutics and biomarkers may be best per-
formed on HRMS instrument platforms rather than 
QQQ platforms. There are numerous publications 
supporting this position [12,18,19,21,37,38,47,49]. Measure-
ment of peptide/protein therapeutics in MS1 mode 
has the potential of simplifying analytical workflows 
by enabling whole molecule analysis, rather than 
bottom-up, surrogate peptide quantification of a pro-
teolytic or chemical fragment. HRMS instruments 
can also allow analysts to easily determine the charge 
state of different ion envelopes (as displayed for the z 
= +5 ion envelope in Figure 6). Using a QQQ oper-
ated in unit mass resolution, it is nearly impossible to 
determine charge state of an ion above a z of +3.

When the measurement of the peptide/protein 
therapeutic (either intact or surrogate peptide) is con-
ducted in MS/MS (PRM) mode, the entire product 
ion distribution can be obtained. Although an analyst 
may only perform quantification using single or mul-
tiple ions from the product ion spectra, the remain-
ing ions provide confidence to the analyst that they 
are monitoring the correct analyte species (especially 
important in bottom-up approaches) [50]. In addi-
tion, bottom-up approaches make the chemical back-
ground much more complex because single peptides 
and proteins have now been broken down into dozens 
of smaller fragments that can complicate the selective 
detection of a target biotherapeutic surrogate pep-
tide [51]. HRMS detection makes the complex sample 
more understandable adding greater selectivity to the 
analysis.
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Figure 6.  Example of how Survivor-SIM can improve selectivity and therefore sensitivity for a difficult to fragment disulfide-rich 
cyclic peptide. (A) MS/MS spectrum of a precursor ion with low MS/MS normalized collision energy (NCE = 10). (B) MS/MS spectrum of 
precursor ion with moderate MS/MS normalized collision energy (NCE = 24). Note that the ion envelope for the precursor ion is much 
cleaner after removing easier to fragment background ions from the target m/z region.
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Conclusion
Advances in HRMS hardware, software, data com-
pression algorithms, and users’ general experience with 
the technology over the past few years have enabled the 
bioanalysis community to become much more com-
fortable with using HRMS instrumentation to support 
new chemical entity programs [38,49]. HRMS orthog-
onal selectivity to QQQ SRM approaches make the 
technology an excellent complement to a bioanalytical 
labs fleet of QQQ mass spectrometers.

Future perspective
The debate regarding which technique is more sensi-
tive, QQQ or HRMS, will continue. There will con-
tinue to be presentations and publications stating that 
HRMS is more sensitive for a specific analyte and there 
will be publications to the contrary. The more impor-
tant concept to remember is that HRMS may offer an 
analyst the opportunity to lower the LLOQ for a QQQ 
assay suffering from selectivity challenges. HRMS may 
be the method of choice in the future for panel assays as 
less upfront work is required prior to moving into vali-
dation and sample analysis. In panel assays, the extrac-
tion and chromatography need to be more general than 

single analyte methods. Therefore, there is a greater 
opportunity for selectivity challenges to arise for any of 
the analytes or their internal standards using a QQQ 
SRM approach. In the near future, the authors’ believe 
they will see additional HRMS instruments entering 
pharmaceutical and CRO laboratories and sponsor 
demand for HRMS assays will increase especially as 
additional biotherapeutics enter the product pipeline.
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Executive summary

• High-resolution MS (HRMS) instrumentation can be successfully implemented into a regulated bioanalysis 
laboratory. Laboratory processes need to be thoroughly assessed to determine appropriate operating 
procedures prior to use of HRMS instrumentation for regulated bioanalysis.

• HRMS instruments will not replace QQQ instrumentation. HRMS instrumentation will complement existing 
technology and offer a platform for selectivity-challenged assays.

• HRMS will have a more significant impact to large molecule biotherapeutic and biomarker applications than to 
conventional small molecule applications.
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Spotlight: Quantitative HRMS

Recent significant improvements in high 
resolution mass spectrometry (HRMS) 
technology have challenged traditional 
methods of quantitative and qualitative 
workflows. In this Spotlight event hosted 
by Bioanalysis Zone, we explored how 
recent developments in this cutting-edge 
technology have been received by the 
bioanalytical community, and look to the 
future applications of HRMS in the field.

In a series of engaging webinars and feature 
articles from Bioanalysis, we looked at the broad range of applications of the technique, its associated 
benefits and challenges, and future developments of HRMS.

Why has HRMS technology increasingly gained attention from many within the bioanalytical 
community? What are the key benefits offered by this instrument? What key challenges need to be 
addressed for the successful application of HRMS? This Spotlight engaged key experts within the field 
to offer opinion and discourse on these questions.

The Spotlight series began with a survey from which we aimed to gain insight on the use of HRMS 
within the bioanalytical industry. The survey produced some very exciting insights into what the 
bioanalytical community thinks of HRMS; opinions that were further discussed by our panel of 
leading experts in a live panel discussion event.

One of the recurring messages throughout this Spotlight focus was that the virtues of HRMS were 
indisputable. Our results reflected what the bioanalytical community have previously voiced: HRMS 
has many virtues and has the potential to impact on a very large proportion of chemical space.

The ability of HRMS to simultaneously collect both quantitative and qualitative data for targeted and 
non-targeted analysis is one of the foremost reasons that attract many to the technology. Other equally 
important factors include HRMS’ multiplexing capabilities, adaptability, and its ability to obtain rich 
data sets.

Another exciting feature of this technology is its broad range of applications. HRMS’ multiplexing 
capabilities is needed in both small and large molecules. The technology has been around for a long time 
and while all the scientific groundwork has already been laid out, according to Russell Mortishire-Smith 

(Waters Corporation), one of the experts 
who participated in the panel discussion: “…
the real revolution in HRMS has come in the 
last 10 years. Over the next 5–10 years many 
of the applications of HRMS will be formally 
validated and put into everyday use.”

It is clear these are exciting times for the 
application of HRMS, and the future is 
thus very bright and promising for the 
technique. It could have implications in the 
clinical context, in fields such as personalized 
medicine, where it will allow enhanced 
studies in proteomics and metabolomics, 
in addition to reducing our reliance on LC 
for separation, especially when LC is hard to 
maintain in the laboratory.

In your opinion, do you believe there will be proportionally more HRMS 
quantitative/qualitative analysis in clinical practice in the next 5-10 years?

What percentage of your quantitation instrumentation do you see 
being HRMS systems by 2020?

Responded <25% 

25.4% 
Responded >75% 

12.7% 

Responded 25–50%  

47.6% 

Responded 50–75%  

14.3% 

Yes
81% 12.7% 6.3%

NoNot sure

What do you think are the hurdles of using quantitative HRMS?

30.6%

Not enough sensitivity

17.7%

22.6%

Cost 

16.1%
9.7%

3.2%

Too much data 

Number of 
concurrent 
transitions 

Instrument software not ready 

Uncertainty in 
how to do it 
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Key Points

• HRMS has been available for a long time; originally it was applied in qualitative applications, however the 
introduction of spectrometers with improved mass resolution over wider mass ranges has allowed for the 
application of HRMS in quantitative workflows.

• In the clinical setting, HRMS is increasingly being adopted due to its ease of operation, reasonable cost and 
maintenance. HRMS can also be combined with qualitative exploration of data in the small molecule field.

If the bioanalytical community is 
unequivocal in the benefits of HRMS – 
data from our survey did point out what 
may have seen as reluctance by some in 
switching to using HRMS. To explain what 
this result implied Diego Cortes (R&D 
Manager, PPD® Laboratories) responded: 
“More than reluctance there are regulatory 
concerns from labs and pharma companies 
to adopt HRMS for quantitation in biomed. 
Dialogues between regulated bioanalytical community and regulatory agencies need to take place to 
address potential regulatory concerns the bioanalytical community have.”

Thus the reluctance is not based on the inadequacy of the technology but rather on the question raised: 
Can simultaneous quantitative and qualitative analysis fit in regulated bioanalysis?

In addition to the panel discussion event, we also held three mini webinars as part of this Spotlight. In 
these webinars by leading experts, Diego Cortes (PPD® Laboratories), Michal Kliman (Mass Spec) and 
Yves le Blanc (SCIEX) presented some of the advantages of HRMS based on their experiences.

For HRMS quantitation to be accepted and routinely practiced in regulated 
bioanalysis, what do you think are the greatest limitations?
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Background: Antibody–drug conjugates (ADCs) are complex drug constructs with 
multiple species in the heterogeneous mixture that contribute to their efficacy and 
toxicity. The bioanalysis of ADCs involves multiple assays and analytical platforms. 
Methods: A series of ligand binding and LC–MS/MS (LB-LC–MS/MS) hybrid assays, 
through different combinations of anti-idiotype (anti-Id), anti-payload, or generic 
capture reagents, and cathepsin-B or trypsin enzyme digestion, were developed and 
evaluated for the analysis of conjugated-payload as well as for species traditionally 
measured by ligand-binding assays, total-antibody and conjugated-antibody. Results 
& conclusion: Hybrid assays are complementary or viable alternatives to ligand-binding 
assay for ADC bioanalysis and PK/PD modeling. The fit-for-purpose choice of analytes, 
assays and platforms and an integrated strategy from Discovery to Development for 
ADC PK and bioanalysis are recommended.

First draft submitted: 26 January 2016; Accepted for publication: 16 May 2016; 
Published online: 9 June 2016

Keywords: antibody–drug conjugate • antibody conjugated-payload • DAR-bias  
• DAR-sensitive ADC assay • drug antibody ratio • fit-for-purpose bioanalysis • generic  
reagents • immunocapture LC–MS/MS hybrid assay • ligand binding-LC–MS/MS hybrid assay 
• soluble target 

This decade has seen the US FDA approvals 
of two antibody–drug conjugates (ADCs), 
Adcetris® (brentuximab vedotin) and Kad-
cyla® (ado-trastuzumab emtansine) for the 
treatment of cancer [1,2] with many more 
ADCs in clinical development. ADCs are 
drug constructs consisting of a monoclonal 
antibody (mAb), attached through a chemi-
cal linker to a small molecule, often cyto-
toxic, drug or payload. ADCs combine the 
target binding specificity of mAbs and the 
potency of cytotoxic drugs [3,4]. Many ADC 
drug candidates are currently at different 
preclinical and clinical development stages in 
this rapidly evolving field [5,6].

Because of the heterogeneous nature of 
ADC molecules, particularly for random-
conjugated ADCs, multiple species may 
contribute to the efficacy and toxicity of 

ADCs. ADC PK evaluation, human dose 
projection, PK/PD modeling and the associ-
ated bioanalytical PK assays are complicated. 
ADC bioanalytical testing has, traditionally, 
used both ligand-binding assays (LBAs) and 
LC–MS/MS approaches. Currently, indus-
try-wide standard practices, strategies, and 
regulatory guidelines are still developing. 
ADC PK and bioanalytical strategies have 
been one of the most hotly discussed topics 
industry-wide during the last 5–10 years. 
Two recent special focus issues have been 
dedicated to ADC PK and bioanalysis 
recently [7,8]. As a highlight, the AAPS Drug 
Conjugate Working Group issued a position 
paper on bioanalysis of ADCs in which defi-
nitions of ADC analytes and bioanalytical 
assays were discussed [9]. There were compre-
hensive reviews on ADC bioanalytical assay 

Antibody–drug conjugate bioanalysis 
using LB-LC–MS/MS hybrid assays: 
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ligand-binding assays
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strategies and challenges [10–13], and on in vivo bio-
transformation [14] and characterization of ADC catab-
olism [15]. An overview of analytes and ADC bioana-
lytical strategies was also outlined in a recent industry 
white paper on ADME characterization of ADCs from 
the ‘ADC ADME working group’ of the International 
Consortium for Innovation and Quality in Pharma-
ceutical Development [16] and in reviews of ADME 
properties of therapeutic proteins [17], and of charac-
terization of ADCs by MS [18]. In depth coverage of 
LBA in ADC bioanalysis from early to late preclinical 
development was the subject of one recent review [19], 
while the validation of an integrated series of LBAs for 
clinical studies was described in another article [20]. An 
integrated, multiplatform strategy for the bioanalysis 
of a microtubule polymerization inhibitor ADC [21] 
and details of PK assays for T-DM1 [22] have been 
reported. While not directly related to bioanalysis, but 
influential in consideration of the required assays, PK 
considerations and PK/PD modeling also have been 
the subject of review and research articles [23–27].

Based on literature and presentations from indus-
try and regulatory authorities, four major analytes are 
recommended for ADC PK: total-antibody, which 
includes antibody conjugated to the payload and 
unconjugated (naked) antibody; conjugated-antibody, 
defined as the antibody conjugated to at least one pay-
load; conjugated-payload, defined as payload conju-
gated to the antibody; unconjugated-payload, defined 
as payload molecules deconjugated from the anti-
body [9,10]. Both conjugated-antibody and conjugated-
payload are considered measures of the ADC active 
species, describing ADCs from the perspective of 
either the antibody or the payload [10]. It is unclear, at 
this time, whether the conjugated-antibody or the con-
jugated-payload correlates more closely with efficacy or 
toxicity of ADCs. The ratio of conjugated-payload and 
total-antibody is defined as the average drug to anti-
body ratio (DAR) and its change in vivo is considered 
a good indication of the degree of ADC deconjugation 
and other biotransformation processes.

Historically, the primary assays for total-anti-
body and conjugated-antibody have been LBAs 
and the unconjugated-payload assay has been by 
LC–MS/MS, while the conjugated-payload is predom-
inately measured by affinity capture or immunocapture 
LC–MS/MS hybrid assays [9–11]. Since these hybrid 
assays are truly the combination of ligand binding 
platforms and LC–MS technology, we chose to name 
them as LB-LC–MS/MS hybrid assays, instead, in this 
article. It was also reported that DAR-sensitive conju-
gated-antibody assays can be used to monitor in vivo 
payload change especially for ADCs with noncleavable 
linkers [11,19,28]. Affinity-capture followed by capillary 

LC–MS or hydrophobic interaction chromatography 
(HIC) to characterize intact ADC DAR distribution 
in biological matrices have been reported [10,29–32]. 
Immunocapture combined with cathepsin-B cleavage 
followed by LC–MS/MS for the quantitation of conju-
gated-payload has been discussed [9,10] and a case study 
of assay development, validation, and application has 
been published [33]. A recent publication reports a pro-
tein A capture LC–MS/MS hybrid assay with papain 
(a cysteine protease) cleavage for the quantitation of 
valine-citrullin-linked MMAE ADCs [34]. Method 
development and assay validations for the analysis of 
unconjugated-payload of ADCs by LC–MS/MS assays 
have been the topic in recent publications [35–37].

Immunocapture LC–MS/MS assays have been 
increasingly used in bioanalysis of protein therapeu-
tics in recent years [38–41]. To our best knowledge, 
though discussed in various review articles [9–11], there 
have been few publications detailing LB-LC–MS/MS 
hybrid assay methodology, procedures and assay char-
acteristics for ADC PK bioanalysis, particularly for 
total-antibody and conjugated-antibody. Meanwhile, 
in ADC PK and bioanalysis, questions such as “which 
assays and analytes are preferred, conjugated-antibody 
or conjugated-payload?” and “what assay format to 
use, LBAs or hybrid assays in preclinical and clinical 
PK studies?” have remained hot topics in the litera-
ture, workshops and conferences. This article describes 
a series of LB-LC–MS/MS hybrid assays for ADC PK 
analysis, which have been used in preclinical and/or 
clinical studies and attempts to provide some answers 
to these questions: Can hybrid assays play additional 
roles beyond measuring conjugated-payload? Are 
hybrid assays viable alternatives to LBA for the analy-
sis of total-antibody? Can hybrid assays be used as 
an alternative or complement to LBAs for the analy-
sis of conjugated-antibody? Can ADC bioanalysis be 
supported in a LC–MS based laboratory without full 
LBA capabilities? What is the ideal ADC bioanalyti-
cal strategy from early Discovery to late clinical stage? 
All hybrid assays were developed, and validated or 
qualified, using protocols that include tests normally 
required for both LBA and LC–MS/MS assays [42–46]. 
Method development and validation or qualification 
of hybrid assays and results from PK/toxicokinetic 
(TK) studies are discussed. This article aims at pro-
viding technical guidance for the scientists conducting 
various hybrid assays for ADC bioanalysis. The article 
will also address some of the highly discussed topics in 
ADC bioanalysis as mentioned above. The comparison 
or correlation between hybrid assays and LBAs will not 
only be limited to assay platform but also incorporate 
ADC analytes and assay DAR characteristic which 
brings the discussion to a wider scope and to better 
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clarity. Discovery and Development integrated ADC 
bioanalysis strategies are proposed herein as well. The 
ADC described in this manuscript is in early devel-
opment and consists of a microtubule polymerization 
inhibitor as the payload attached to a specific undis-
closed mAb through random lysine conjugation [21,47]. 
General statements made in this article are applicable 
to this ADC and other random-conjugated ADCs, 
while they may not apply to ADCs of other constructs.

Experimental
LBAs for total-antibody & conjugated-antibody
Methods utilizing a sandwich immunoassay format 
and the standard multiarray microplate (Meso Scale 
Discovery, MD, USA) platform were used in preclini-
cal PK and TK studies. The method details have been 
described in Myler et al. [21]. The methods used in the 
clinical PK evaluation were modified to a Gyrolab xP 
Workstation (Gyros Inc, Uppsala, Sweden) format [20]. 
To be noted in the published methods, conjugated-
antibody in which the antibody conjugates with the 
active payload was defined as ‘Active-ADC,’ and the 
conjugated-antibody (payload + metabolite) in which 
the antibody conjugates with either payload (active) 
or payload metabolite (inactive) was defined as ‘Total 
ADC.’ This manuscript discusses ADC bioanalytical 
methodology in general, so the widely used nomencla-
tures for ADC analytes are chosen for the convenience 
of communication.

LB-LC–MS/MS hybrid assays for conjugated-
payload
The biotinylation and the immunocapture procedure 
using streptavidin cartridges with specific biotinylated 
anti-Id or anti-payload capture mAb for the analysis 
of conjugated-payload, and the subsequent cathep-
sin-B cleavage and LC–MS/MS detection have been 
described in details elsewhere [33].

Briefly, a specific anti-Id mAb was first labeled with 
biotin at a molar challenge ratio of 12:1, and then 
immobilized on high-capacity streptavidin-coated car-
tridges using an Agilent Bravo liquid handler (Agilent 
Technologies, MA, USA). Plasma samples were loaded 
on the cartridges at a slow flow rate of 2 μl/min, which 
was considered to be critical to ensure quantitative 
capture between immobilized capture mAb and ADC 
in the biological sample. After multiple washes of the 
cartridges and the syringes, the captured analytes were 
eluted into a collection plate by reducing the pH to 2. 
The eluted samples were neutralized immediately to a 
slightly acidic condition which was favorable for the 
following enzyme cleavage step. The ADC described 
in this manuscript contains a cleavable dipeptide linker 
that can be cleaved specifically by lysosomal enzymes. 

A specific lysosomal enzyme, cathepsin B, was used 
and the in vivo condition was mimicked to release the 
payload from the ADC. The cleavage was conducted 
in a buffer containing 1.34 units of the enzyme at an 
optimal pH of 5–6 in the presence of reducing reagent 
DTT. The mixture was incubated at 25°C for 3 h and 
the reaction was stopped by adding cold acetonitrile. 
LC–MS/MS was carried out using a Shimadzu (Tokyo, 
Japan) Nexera HPLC system interfaced to a SCIEX 
(CA, USA) Triple Quad 5500 mass spectrometer. A 
Waters (MA, USA) Acquity UPLC BEH C18 column 
(1.7 μm, 2.1 × 50 mm) was used for chromatographic 
separation and the mobile phases consisted of mobile 
phase A (5 mM ammonium bicarbonate containing 
0.005% ammonium hydroxide in 95:5 water: aceto-
nitrile) and mobile phase B (5:95 water:acetonitrile). 
Positive ion electrospray MS in multiple reaction moni-
toring mode was used for the detection. The transi-
tions of m/z 771→98 and m/z 781→98 were moni-
tored for the payload and the internal standard (IS) 
(13C

9
, 15N-payload), respectively.

Protein A or protein G cartridges were also used for 
the analysis of conjugated-payload. The cartridges were 
equilibrated with 50 μl of PBST (Phosphate buffered 
saline containing 0.05% Tween 20, Sigma-Aldrich, 
Sweden) or DPBS (Dulbecco’s phosphate buffered 
saline, Lonza, MD, USA) at a flow rate of 25 μl/min. 
Plasma samples (25 μl) were loaded on the cartridges 
at a flow rate of 2 μl/min. The cartridges were washed 
with 50 μl of washing solution, which consisted of 
50 mM ammonium bicarbonate and 0.1% BSA in 
DPBS. The elution and neutralization steps were the 
same as described in the previous section.

LB-LC–MS/MS hybrid assays for total-antibody 
& conjugated-antibody
Immunocapture
Cartridge format
The biotinylation and the immunocapture procedure, 
using streptavidin cartridges with specific biotinyl-
ated anti-Id or anti-payload capture mAbs for the 
analysis of total-antibody or conjugated-antibody, and 
protein A cartridge for the analysis of total-antibody, 
are the same as described above for the analysis of 
conjugated-payload analysis.

Magnetic-beads format
Immunocapture was also conducted with Dynabeads 
Myone streptavidin T1 magnetic beads (Life Tech-
nologies, CA, USA) using biotinylated mouse anti-Id 
or mouse anti-payload mAb. Mouse anti-payload mAb 
bound to protein G beads were also explored.

Beads (1 ml) were washed three-times with 1 ml 
of PBST solution, and then resuspended with 1 ml of 
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PBST. Based on the bead capacities (200 μg of mAb 
per 1 ml of streptavidin T1 beads, and 240 μg of mAb 
per 1 ml protein G beads), the beads were saturated by 
adding about 400 μg of mAb for streptavidin T1 beads 
and 480 μg of mAb for protein G beads, respectively. 
The beads and mAb mixture was incubated at room 
temperature for 1 h on a rotator. After incubation, 
the beads were washed again three-times with 1 ml 
of PBST, and then resuspended with 1 ml of PBST 
containing 1% BSA (bovine serum albumin). The 
immobilized beads were stored at 4°C for future use.

PBST (10 μl) was added to 10 μl of each serum sam-
ple in a 96-well plate, and then 50 μl of capture beads 
was added to each sample. The plate was incubated 
at room temperature for 30 min in a Thermomixer 
R model 5355 incubator (Eppendorf, Hamburg, Ger-
many) at a vortexing speed of 900 rpm (15 s on/off) for 
the immunocapture. The plate was first washed three-
times with 200 μl of PBST, and then one time with 
200 μl of 50 mM ammonium bicarbonate using Janus 
Mini automated liquid handler from Perkin Elmer 
(MA, USA).

Trypsin digestion for total-antibody 
& conjugated-antibody
To each of the samples obtained from immunocapture, 
using either beads format or cartridge format, 100 μl 
of 50 mM ammonium bicarbonate containing 10% 
methanol was added, the samples were then incubated 
at 90°C for 30 min for thermal denaturation. After the 
samples cooled to room temperature, 25 μl of Promega 
trypsin (∼50 μg/ml) was added into each sample for 
digestion at 60°C for 2 h. The digestion was stopped 
by adding 10 μl of 10% formic acid in water, and 20 μl 
of 200 ng/ml of stable isotopic labeled signature pep-
tide IS working solution in 20% acetonitrile and 80% 
water was added before LC–MS/MS analysis of total 
Ab or conjugated-antibody.

LC–MS/MS method
LC–MS/MS was carried out using a Shimadzu 
(Tokyo, Japan) Nexera HPLC system interfaced to a 
SCIEX (CA, USA) Triple Quad 6500 mass spectrom-
eter equipped with a TurboIonsprayTM source. Forty 
(40) μl of digested solution was injected into a Waters 
Acuity UPLC HSS T3 column (1.7 μm, 2.1 × 50 mm) 
with a gradient elution using mobile phases of 0.1% 
formic acid in water (A) and 0.1% formic acid in ace-
tonitrile (B) at a flow rate of 0.8 ml/min. The column 
temperature and the autosampler temperature were 
60°C and 5°C, respectively. Positive ion electrospray 
in multiple reaction monitoring mode was used for the 
detection. The optimized source temperature, turbo 
ionspray voltage, declustering potential and collision 

energy were set to 600°C, 5500 V, 50 V and 28 eV, 
respectively. The transitions of m/z 531.3 -> 785.4 and 
534.3 -> 785.4 were monitored for the signature pep-
tide [48] from the CDR region of the antibody and the 
IS (stable labeled signature peptide).

LB-LC–MS/MS hybrid assays developed using dif-
ferent immunocapture reagents on different immu-
nocapture platforms for the analysis of conjugated-
payload, total-antibody and conjugated-antibody 
in different biological matrices are summarized in 
Supplementary Table 1.

Results & discussion
Nomenclature of ADC analytes & complexity of 
ADC bioanalysis
The four recommended ADC analytes (total-anti-
body, conjugated-antibody, conjugated-payload and 
unconjugated-payload) [9,10] illustrate the relationship 
between antibody and payload in random-conjugated 
ADCs. The terms ‘total’ and ‘free,’ which are often 
used in bioanalysis of biologics [49,50], take a slightly 
more complex meaning in ADC bioanalysis. In pro-
tein therapeutics, ‘total’ refers to the sum of bound and 
unbound to soluble targets. In the case of ADC, ‘total’ 
can also mean conjugated plus unconjugated antibody. 
Then, there are two meanings of ‘total’ and ‘free’ in 
ADC bioanalysis. ‘Free’ could mean ‘unconjugated’ 
to the antibody or ‘unbound’ to the soluble target. To 
avoid confusion in communications in ADC bioanaly-
sis, we would prefer not to use ‘free,’ but rather ‘uncon-
jugated’ or ‘unbound.’ If the term ‘total’ has to be used 
for simplicity in naming or labeling ADC species for 
PK analysis, it has to be defined clearly.

In addition to the four assays, there are other assays 
that may be used to answer specific questions related 
to safety, efficacy or disposition. The two dimensional 
plots presented in Figure 1 facilitate the understanding 
of the complexity and requirements. The horizontal 
axis describes conjugation/deconjugation, and the ver-
tical describes bound/unbound to the soluble target. 
For both ‘antibody’ and ‘payload,’ the analytes can 
exist in four different forms in vivo: from conjugated 
and bound in the lower left quarter to unconjugated 
and unbound in the upper right. The conjugated-anti-
body (assay 2 as commonly referred [10]) exists in the 
upper left quarter, representing antibody conjugated 
to the payload but unbound to the soluble target. In 
clinical studies, we are also often asked to measure the 
total conjugated-antibody concentration, unbound 
and bound to soluble target in patient samples, which 
could correlate better to total efficacy. This total conju-
gated-antibody (could be referred as assay 2-II), a new 
assay, can be measured by either LBA or hybrid assay 
using appropriate capture and detection approaches 
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Figure 1. Complexity of antibody–drug conjugate analytes with soluble targets considered. (A) Total conjugated-
antibody: conjugated-antibody unbound and bound to soluble targets. (B) Total conjugated-payload: payload 
conjugated to ADC mAb which are unbound or bound to soluble targets as well as payload conjugated to other 
plasma proteins. Gray dots in (A) and red dots in (B) represent payload; blue dots represent soluble target.
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(reagents or MS-MS technique). Similarly, the analyte 
in the ‘antibody conjugated-payload’ (assay 3 as com-
monly referred [10]) is antibody linked to at least one 
payload and unbound to the soluble target. In some 
ADC chemistry, the payload can be conjugated to other 
plasma proteins through linker exchange [14,51–53]. 
Quantifying the payload conjugated to the drug anti-
body and all other plasma proteins could provide useful 
information for payload-dependent toxicity. This new 
analyte ‘total conjugated-payload’ can be measured by 
a new hybrid assay (could be referred as assay 3-II) in 

which an anti-payload capture reagent is used that can 
capture conjugated and unconjugated payload.

Development of LB-LC–MS/MS hybrid assays 
for ADC bioanalysis as complementary or 
alternative assays to LBAs
An immunocapture LC–MS/MS hybrid assay can be 
technically considered as an LBA with LC–MS/MS as 
the detector (or the immunocapture step can be con-
sidered as a specific extraction procedure for the highly 
specific mass spectrometer). No matter the perspec-
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Figure 2. Procedure of LB-LC–MS/MS hybrid assays. (A) Immunocapture (ligand binding), (B) enzyme  
cleavage/digestion, (C) LC–MS/MS quantitation.
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tive used, hybrid assays utilize the strengths of both 
approaches. Hybrid assays include three essential steps 
(Figure 2). The first step is immunocapture which is 
equivalent to the first step of a traditional LBA, the sec-
ond step is enzyme cleavage or digestion and the last 
step is LC separation and MS/MS detection. Like in 
LBAs, a variety of specific capture reagents can be used 
including target antigens, anti-Id antibodies or anti-
payload antibodies. Protein A and G can also be used 
as generic capture reagents. Biotinylated-antibodies can 
be immobilized on streptavidin coated magnetic beads 
or cartridges. In the case of the random-conjugated 
ADC of interest, enzyme digestion can be done with 
cathepsin-B to release the payload or by trypsin diges-
tion to generate a signature surrogate peptide [48], which 
are then measured by LC–MS/MS. Various combina-
tions of capture reagent and enzyme allows tailoring 
the assay for a specific analyte as described below.

Three automated immunocapture platforms in 
cartridge-format have been used in our routine opera-
tion: AssayMAP Bravo™ from Agilent, MSIA™ tips 
from Thermo and PhyTips™ from PhyNexus. Each 
hybrid method was optimized for immunocapture and 
enzyme cleavage or digestion steps. The cathepsin-B 
cleavage step was optimized for enzyme content, reac-
tion time and temperature under vendor recommended 
pH and solution conditions. The trypsin digestion 

optimization and assay development are similar to 
that for mAbs or protein therapeutics. The difference 
is that a signature peptide without lysine is preferred 
or required for ADCs randomly conjugated at lysine 
residues. Validation of hybrid assays for ADCs need 
to fulfill the requirements for both small molecule 
LC–MS/MS and protein therapeutic LBAs and DAR 
sensitivity evaluation.

Currently hybrid assays have been developed 
in our laboratory for conjugated-payload, total-
antibody and conjugated-antibody with differ-
ent combinations of capture reagents and enzymes: 
anti-Id, anti-payload, cathepsin-B and trypsin 
(Figure 3 & Supplementary Table 1). The hybrid assays 
are labeled as H-1 through H-4 for ease of referencing 
in internal projects support. The correlations of these 
assays with commonly discussed assays 1–4 in litera-
ture [10] are also provided in Figure 3 in conjunction with 
the nomenclature of ADC analytes/assays discussed 
above. The anti-Id/cathepsin-B conjugated-payload 
assay (H-1) is the essential and primary application 
of hybrid assay complementary to (DAR-insensitive) 
conjugated-antibody measured by LBA [9,10]. The assay 
has been validated and used to support ADC preclini-
cal and clinical studies [20,21,33]. Combining anti-Id 
capture and trypsin digestion measures total-antibody 
(H-3) as an alternative to the commonly used LBA. 

Immunocapture (ligand binding)

Enzyme cleavage/digestion

LC–MS/MS

Payload

Anti-idiotype Anti-payload Target Protein A/G
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Figure 3. Hybrid assays developed with combinations of different capture reagents and enzymes. (Anti-Id, 
anti-payload, protein A/G, cathepsin-B and trypsin) for the analysis of conjugated-payload (H-1, assay 3), total 
conjugated-payload (H-2, assay 3-II), total-antibody (H-3, assay 1) and total conjugated-antibody (H-4, assay 2-II).
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Anti-payload capture followed by cathepsin-B cleavage 
(H-2) or trypsin digestion (H-4) are advanced hybrid 
assays that quantify total conjugated-payload and total 
conjugated-antibody (bound and unbound to soluble 
targets), respectively. As discussed above, the total con-
jugated-payload assay (H-2), when needed, could pro-
vide insight to payload-dependent toxicity. Meanwhile, 
in an example discussed in the following section, the 
total conjugated-antibody hybrid assay (H-4) was used 
to analyze samples from a rat PK study for the ADC 
compound studied. Generic capture reagents such as 
protein A or G were also evaluated for conjugated-pay-
load hybrid assays and results were compared with that 
from assays using specific reagents.

Performance & characteristics of the LB-LC–MS/
MS hybrid assay for conjugated-payload
The conjugated payload was fully validated in cyno 
plasma, as previously reported [33], according to current 
FDA Guidance and EMA Guidelines on Bioanalyti-
cal Method Validation [54–57] and qualified for sample 
analysis in rat serum and human plasma. The experi-
ments included the determination of the lower limit of 
quantification, accuracy and precision, selectivity, car-
ryover, recovery, assay robustness and analyte stability. 
In addition, an ADC-specific validation experiment, 
the ability to accurately measure different DAR species 

was conducted. Here is a brief summary highlighting 
the key results.

• The overall recovery of the assay was 57%, with 
recoveries of immunocapture step and the enzyme 
cleavage efficiency of 78 and 73%, respectively;

• The calibration standard curve range was 0.303 to 
151.442 ng/ml for conjugated payload, which was 
equivalent to the range of 20.0 to 10,000.0 ng/ml 
for the intact ADC. The assay demonstrated good 
linearity, accuracy and precision;

• Acceptable specificity and sensitivity were deter-
mined using ten individual lots of blank plasma 
unspiked and spiked at LLOQ and high QC levels;

• Conjugated payload was stable in monkey plasma 
for at least 24 h at room temperature, 38 days at 
-70°C and following five freeze–thaw cycles.

• The assay allowed accurate quantification of conju-
gated payload for the ADC having varying DAR. 
Supplementary Table 2 shows the DAR character-
istics of conjugated-payload assay in cyno, human 
plasma and rat serum using anti-Id capture.

When anti-Id mAb capture is used, the conjugated 
payload assay measures ADC species that contain at 
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Figure 4. Tolerability to shed/soluble targets in conjugated-payload assay in human plasma. 
ADC: Antibody–drug conjugate.
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least one unbound mAb arm and is available to bind 
the target on tumor cells. Soluble target in circulation 
may block the binding sites on the ADC. In preclini-
cal species, the soluble target may not be cross-reactive 
to the ADC, or the level of soluble target may be too 
low in relation to the ADC level to have a significant 
impact on the measurement, which was the case in rat 
in this example. Therefore, the assay tolerance to the 
presence of soluble target was not tested in animals. 
However, the levels of soluble target in the patient 
populations are projected to be high and variable, and, 
thus, the human assay was thoroughly characterized 
for the potential interference of soluble target across 
the estimated range of 10 to 1000 ng/ml. The results 
are shown in Figure 4. An acceptance criterion of 80% 
recovery was used to determine the significance of the 
impact. In the ‘no impact zone,’ soluble target levels 
had no impact on accurate quantitation of antibody-
conjugated payload. However, relatively high levels of 
soluble target were found to interfere with the recov-
ery of the analyte at low concentrations. In this ‘inter-
ference zone,’ a portion of ADC cannot be captured 
and quantified, presumably because both arms of the 
antibody are occupied by soluble target. Furthermore, 
due to this concentration-dependent impact of soluble 
target, a stable-isotope labeled ADC IS (SIL IS) may 
not be a good candidate for the measurement of conju-
gated payload in human samples as the IS binds to the 
soluble target as well, and its response vary in incurred 
samples and are different from that in calibration 
curves.

Specific versus generic immunocapture in 
conjugated-payload assays
Generic capture reagents such as protein A and G have 
been used for ADC conjugated-payload assays [10,34]. 
While a comprehensive comparison will be reported 
in a separate publication, Figure 5 compares the quan-
titation of conjugated-payload of the ADC of interest 
at ADC equivalent LLOQ concentration (20 ng/ml) 
in human plasma (containing lower amount of the 
soluble target) using different capture reagents anti-Id, 
protein A, Protein G in AssayMAP cartridges of 100 
μg mAb capture capacity. The responses in the assays 
using Protein A and G are generally higher than that 
from the assay using anti-Id capture. This result indi-
cates that, while in preclinical species without soluble 
target or human mAb cross-reactive soluble target, 
generic capture reagents (protein A and protein G) are 
comparable to the specific anti-Id capture reagent for 
LB-LC–MS/MS hybrid conjugated-payload assays in 
their ability to capture the ADC (data not shown), 
the higher recovery from a protein A or G in human 
plasma containing soluble target could be due to the 
fact that the conjugated-payload concentrations mea-
sured include the conjugated-payload, in which the 
antibody bound and unbound to soluble target (total) 
as discussed earlier, while anti-Id capture assay mea-
sures payload attached to the antibody unbound to 
the soluble target. The difference in concentrations 
from assays using generic and anti-Id captures provides 
information regarding ‘free’ and ‘total’ ADC, with 
regards to its binding to the soluble target or anti-drug 
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Figure 5. Chromatograms of conjugated-payload at antibody–drug conjugate equivalent LLOQ concentration 
(20 ng/ml) in human plasma (containing lower amount of soluble target) using different capture reagents.  
(A) Anti-Id, (B) protein A, (C) protein G.
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antibodies (ADAs) in clinical samples [49,50]. The rec-
ommendation is that generic capture reagents could be 
used in preclinical studies, especially in early Discov-
ery, to screen antibodies and payloads when specific 
reagents (anti-Id and anti-payload) are unavailable; 
anti-Id capture reagent should be used in clinical assays 
if measuring soluble target unbound ‘bio-active’ ADC 
is desirable.

Performance & characteristics of LB-LC–MS/MS 
hybrid assays for total-antibody and conjugated-
antibody
Hybrid assays with immunocapture performed on 
streptavidin and protein A cartridges, on an Agilent 
AssayMAP Bravo system, followed by trypsin diges-
tion and LC–MS/MS analysis were developed and 
qualified for the quantitation of total-antibody and 
conjugated-antibody. During synthetic conjugation of 
the drug product, payloads are randomly conjugated 
to more than 70 lysine residues of the antibody for 
the ADC being studied. As lysine is one of the tryptic 
cleavage sties, to avoid interference of the linker to the 
trypsin digestion and LC–MS/MS analysis, a signa-
ture peptide without lysine, in the heavy chain CDR 
region, was identified and used for quantitation. Con-
firmatory peptides are often used in LC–MS quanti-
tation of proteins [38–41]. They were not used in this 
work and will be considered in future hybrid assays for 
total-antibody and conjugated-antibody.

The assay performance was evaluated for both total-
antibody and conjugated-antibody assays in different 
biological matrices, in other words, rat serum, monkey 
plasma and human plasma, primarily using cartridges 
on AssayMAP Bravo. Calibration curves ranged from 
0.5 to 150 μg/ml in both assays. Supplementary Table 3 
shows that the quality control samples met acceptance 
criteria in a conjugated-antibody assay in cyno plasma. 
Similar standard curves and quality control samples 
performance were observed for all the assays devel-
oped in other matrices. All assays achieved 0.5 μg/ml 
LLOQ, using 12.5 μl or less of biological sample. Assay 
LLOQ could be improved from 0.5 to 0.1 μg/ml by 
using 50 μl of biological sample. Assay specificity was 
tested for all assays using six different lots of matrix, 
and the results from the conjugated-antibody cyno 
plasma assay using streptavidin cartridges are shown in 
Supplementary Table 4. For the quantitation of total-
antibody using anti-Id capture, in preclinical studies 
where soluble target interference is negligible, ideally, a 
stable-isotope labeled mAb with the labeling positions 
within the signature peptide would be used as the assay 
IS to track ADC analyte during the entire process of 
sample preparation, including immunocapture, tryp-
sin digestion and LC–MS/MS analysis. As a labeled 

mAb was not available for the ADC of interest, a sta-
ble-isotope labeled signature peptide was used as the IS 
and added into the samples after trypsin digestion to 
track the analyte during LC separation, and MS ion-
ization and detection. During the immunocapture and 
trypsin digestion process, where no IS was used, robust 
standard curves and QC performance was consistently 
demonstrated. For the total-antibody assay in human 
plasma using anti-Id capture, due to the presence of 
soluble target as discussed in the conjugated-payload 
assay, SIL IS of signature peptide is the choice for the 
assay. Meanwhile, the hybrid conjugated- antibody 
assay, using anti-payload capture theoretically mea-
sures conjugated-antibody unbound and bound to 
the soluble target which is a total conjugated-antibody 
assay and unaffected by the presence of soluble target.

Similarly to the approach used in the conjugated-
payload assay validation, evaluation of DAR sensitiv-
ity or bias of the total-antibody and conjugated-anti-
body assays was accomplished by measuring enriched 
DAR 2 and DAR 4 standards at two concentrations 
against standard curves prepared with the DAR 3 
reference material. No DAR bias was observed for 
the conjugated-antibody (Table 1) and total-antibody 
(Supplementary Table 5) hybrid assays using anti-pay-
load and anti-Id capture reagents, respectively, when 
conducted as described above using cartridges on the 
AssayMAP Bravo platform.

Comparison of immunocapture using cartridges 
& magnetic-beads
In our experience, DAR sensitivity for LB-LC–MS/MS 
conjugated-antibody assays depends on the platform 
used for the immunocapture. For the ADC of inter-
est, the hybrid conjugated-antibody assay using anti-
payload capture was DAR-insensitive in the Assay-
MAP Bravo cartridge immunocapture platform but 
was DAR-sensitive in the magnetic-beads platform, 
which showed a bias for DAR 2 QC samples. While 
the exact mechanism is unknown and warrants further 
investigation, it was hypothesized that the improved 
recovery of different DAR species in a chromatography 
extraction column equivalent process during immuno-
capture in cartridges (vs mainly surface interaction in 
beads format immunocapture and plate format LBAs) 
could partially account for the absence of DAR bias. It 
is plausible that different DAR species have different 
thermodynamic equilibrium constant but have similar 
rate constant for forward binding reaction (Kon). In 
addition to this observed different DAR characterizes 
for anti-payload capture conjugated-antibody assays 
for the random-conjugated ADC of interest, other 
major differences between cartridges and magnetic-
beads immunocapture for various analytes are capacity 
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and the different degree of automation. A comparison 
of the characteristics between these two platforms of 
immunocapture is shown in Supplementary Table 6.

Applications of hybrid assays in preclinical PK 
studies
The random-conjugated ADC of interest was dosed in 
a discovery rat PK study designed to compare various 
ADC-related analytes measured by LBAs and hybrid 
assays. The PK profiles of five analytes measured by 
hybrid assays are presented in Figure 6A. These are total-
antibody (red square, H3 assay), conjugated-antibody 
(blue diamond, H-4 assay) and conjugated-payload 
(blue cross, H-1 assay) which are three of the four com-
monly measured ADC analytes [10] (the unconjugated-
payload was not measured here). As reported in earlier 
publications, the payload is inactivated by metabolism 
and there are different anti-payload capture reagents 
available that are specific to the payload or to both pay-
load and the metabolite, respectively [20,21,58]. Payload 
and metabolite conjugated-antibody (green diamond, 
also an H-4 assay including the metabolite) was also 
measured which is labeled as conjugated-antibody 
(payload + metabolite) as well as conjugated-(payload 
+ metabolite) (green cross, also an H-1 assay including 
the metabolite). It should be noted that, as discussed 
in the earlier section, that the H-4 hybrid assay using 
anti-payload capture can capture conjugated-antibody 
both unbound and bound to soluble target. However, 
the soluble target level in rats is negligible, and it does 
not cross-react with human mAb of ADC. Therefore, it 
is likely that the two H-4 assays only measure unbound 
conjugated-antibody or conjugated-antibody (payload + 
metabolite). The three antibody assays, total-antibody, 
conjugated-antibody and conjugated-antibody (payload 
+ metabolite), were proven to be DAR-insensitive while 
the two payload assays were DAR-proportional. The 
ratio of conjugated-payload to total-antibody (average 
DAR, payload) and the ratio of conjugated-(payload + 
metabolite) to total-antibody (average DAR, payload 

and metabolite) across the PK time course were plotted 
in Figure 6B. This example demonstrated that hybrid 
assays are capable and sufficient to support ADC pre-
clinical PK studies, highlighting the versatility of the 
LC–MS/MS platform for ADC support. The com-
parison of the average DAR from conjugated-payload 
and from conjugated-(payload + metabolite) (Figure 6B) 
shows that at late time points (>200 h), on average, 
about one third to half of the payload is deconjugated 
and the rest of the conjugated (payload related) species 
are combination of payload and metabolite in which the 
metabolite is about a third to half of the payload.

DAR-insensitive versus DAR-sensitive assays
One complicating factor and a center of debate in 
ADC bioanalysis, especially in the random-conjugated 
ADCs, is related to the in vivo DAR change. The 
drug substance is a mixture of ADC species of differ-
ent DARs, typically 0 through 8 [9–11]. Unfortunately, 
most often, the individual DAR1–8 ADC reference 
standards are unavailable and only the drug substance 
with average DAR of 3 to 4 is used as the reference 
standard. As broadly reported in the literature, the 
DAR distribution in vivo is expected to change over 
time, following the administration of randomly conju-
gated ADCs, due to deconjugation, biotransformation 
and/or different clearance rates of the ADC species 
with different DARs [9–11]. The consequence for the 
quantitative bioanalysis is that the distribution of ana-
lyte species in the incurred samples is different from 
that in the calibrants. This is analogous to quantifying 
multiple metabolites of a small molecule drug using 
LC–MS/MS assays when the reference standards of the 
metabolites are unavailable and the reference standard 
of the parent compound is used to quantify all species. 
The mass spectrometric responses of the metabolites 
and the parent drug may not be the same leading to 
inaccurate measurements.

While the conjugated-payload assay is DAR-sensi-
tive, DAR-proportional in fact, by definition, the total-

Table 1. Drug to antibody ratio (DAR) characterization of conjugated-antibody assay in rat serum 
with anti-payload capture using cartridges on a AssayMAP Bravo: No DAR bias when DAR 2 and 
DAR 4 materials were measured against DAR 3 standard.

Conjugated-antibody 
(anti-payload capture) 

Measured mean 
(μg/ml)

Adjusted mean† 
(μg/ml)

Adjusted nominal† 
(μg/ml)

CV (n = 3) DEV%

DAR2 at 5 μg/ml 4.44 4.22 4.25 9.1 -0.8

DAR4 at 5 μg/ml 5.20 4.94 4.95 3.6 -0.3

DAR2 at 75 μg/ml 70.3 66.8 63.8 4.5 4.7

DAR4 at 75 μg/ml 68.6 65.2 74.3 8.1 -12.3
†Concentration was adjusted as DAR distribution of the standards follows Poisson distribution:
For ADC with DAR 2: 15% of naked antibody.
For ADC with DAR 3: 5% of naked antibody.
For ADC with DAR 4: 1% of naked antibody.
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Figure 6. Hybrid assays and ligand-binding assay in antibody–drug conjugate rat PK. (A) Hybrid assays measured 
conjugated-antibody (blue diamond), conjugated-antibody (payload + metabolite) (green diamond), total-
antibody (red square), conjugated-payload (blue cross) and conjugated-(payload + metabolite) (green cross). 
(B) In vivo average DAR change measured by hybrid assays, DAR by conjugated-payload (blue diamond) and DAR 
by conjugated-(payload + metabolite) (green diamond). (C) LBAs measured conjugated-antibody (blue diamond), 
conjugated-antibody (payload + metabolite) (green diamond) and total-antibody (red square). (D) Correlations of 
analytes (response ratios) from hybrid assays and LBAs. Conjugated-antibody (blue diamond) and total-antibody 
(red square). 
Conjugated-antibody (payload + metabolite): payload and metabolite conjugated-antibody; conjugated-(payload 
+ metabolite): antibody conjugated-payload conjugated to payload and the metabolite. 
ADC:Antibody–drug conjugate; DAR: Drug to antibody ratio; LBA: Ligand-binding assay.
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antibody and conjugated-antibody assays measure the 
antibody portion of ADCs and should ideally be DAR 
independent [9–11]. It has been widely reported and 
discussed that assay format, the capture and detection 
reagents used, and assay conditions affect the DAR 
characteristics of conjugated-antibody LBAs [9–11,19,28]. 
It is generally believed that the conjugated-antibody 
LBAs using anti-payload capture are more likely to be 
DAR-insensitive, but this may not always be the case 
and can be ADC molecules and reagents dependent. 

As an example, for the random-conjugated ADC of 
interest, the conjugated-antibody LBA developed 
using anti-payload capture reagents was DAR-sensi-
tive. In comparison, the hybrid conjugated-antibody 
assays in Figure 6A using anti-payload capture in 
cartridge format immunocapture were proven to be 
DAR-insensitive as shown in Table 1.

In addition to demonstrating the capabilities of 
various hybrid assays in analyzing ADCs analytes 
(Figure 6A), the rat PK study was also aimed at evalu-
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ating the correlation between LBAs and hybrid assays 
for ADC analytes, such as total-antibody and conju-
gated-antibody with assay DAR characteristics in the 
context. As shown in Figure 6C, the samples from the 
rat PK study were also analyzed for total-antibody, 
conjugated-antibody and payload and metabolite con-
jugated-antibody in the established traditional LBA 
methodology [20,21,58]. Several observations can be 
made when comparing Figure 6A & 6C and as shown 
in Figure 6D. One of the concerns of a DAR-sensitive 
conjugated-antibody assay, in comparison to a DAR-
insensitive one, is the underestimation of the antibody 
concentrations at late time points (up to theefold when 
average DAR decreases from the nominal of 3 at early 
time points to about 1 at late time points as commonly 
seen for random-conjugated ADCs) [10,28]. This could 
affect the reported trough concentrations and expo-
sure (AUC). Figure 6D shows that the concentration 
ratios of two conjugated-antibody (blue diamond) 
measured by DAR-insensitive hybrid in Figure 6A and 
DAR-sensitive LBA in Figure 6C increased from 1 at 
early time points to around 3 at later time points in 
the PK time course. The difference in AUC of the con-
jugated-antibody concentration versus time is about 
twofold (data not shown). This observation matched 
as reported by Stephan [28] and Kumar [19] in their LBA 
assay format evaluation and comparison of PK param-
eters. Figure 6D also shows the constant concentra-
tion ratios of total-antibody measured by the hybrid 
and LBA throughout the PK time course since both 
assays had the same DAR characteristics. It should be 
noted that this constant ratio ideally should be close to 
1 showing the complete equivalency of the two assays 
measured by different assay platforms. It could be due 
to experimental errors or other unknown reasons that 
the observed constant ratio is approximately 1.3. As a 
result, the C

max
 from the hybrid total-antibody is higher 

than those from the hybrid conjugated-antibody. If 
the difference of concentrations at late time points of 
PK profiles between conjugated-antibody (payload + 
metabolite) (green diamond) and conjugated-antibody 
(blue diamond) is due to payload metabolism, the 
DAR-sensitive LBAs (Figure 6C) could have overesti-
mated the degree of metabolism compared with the 
DAR-insensitive hybrid assays (Figure 6A).

Which conjugated-antibody assay is preferred, 
DAR-insensitive or sensitive? The question remains 
whether this threefold difference in trough concentra-
tion and twofold difference in AUC matter for the cor-
relation between exposure and toxicity/efficacy if both 
DAR-insensitive and sensitive conjugated-antibody 
concentrations are used at different stages of ADC 
development [16]. Despite of the diversity of structures, 
heterogeneity of components present in vivo and their 

continuous change are common for ADCs [8]. In most 
publications on ADC bioanalysis including well cited 
reviews [10] and the AAPS position paper [11], DAR-
insensitive conjugated-antibody assay is preferred. 
In a recent review paper on ADC bioanalysis LBAs, 
Kumar et al. [19] suggested to apply DAR-insensitive 
assays for IND toxicology studies with the rationale 
that this would generate better correlation between 
toxicology and exposure of all DAR species. We, 
then, may conclude that, in certain situations such 
as in this example, an LB-LC–MS/MS hybrid assay 
could be complementary to LBA, providing desired 
DAR-insensitive conjugated-antibody data.

Hybrid conjugated-payload assay versus 
conjugated-payload (DAR-sensitive 
conjugated-antibody) LBA
Three analytes were measured in a cyno PK study of 
the ADC of interest and the PK profiles are presented 
in Figure 7A, with conjugated-antibody (LBA) in blue, 
total-antibody (LBA) in red and conjugated-payload 
(hybrid) in green. The average DAR in vivo decreased 
from around 3, as in the dosed ADC material, to 
below 1 after about 1 week as is commonly seen for 
random-conjugated ADCs (Figure 7B). This indicates 
that, at later time points, on average, there is one pay-
load attached to each antibody. As previously reported, 
conjugated-payload (green) and conjugated-antibody 
(blue) profiles were parallel throughout the PK time 
course with a ratio approximately equal to the starting 
average DAR of 3.

The results shows a good correlation between a 
DAR-sensitive conjugated-antibody LBA and a conju-
gated-payload hybrid assay for the quantitation of the 
active component of ADCs. The DAR-proportional 
conjugated-payload data validates the DAR-sensitive 
conjugated-antibody data [21]. Stephan stated that 
DAR-sensitive conjugated-antibody assays can be used 
to monitor in vivo DAR change when conjugated-
payload assays are unavailable or for ADCs with non-
cleavable linkers [28]. Kumar et al. [19] expressed that 
DAR-sensitive conjugated-antibody LBAs or LC–MS/
MS based assays in early Discovery may be useful to 
better describe the changes in conjugated-payload over 
time and associated PK parameters. The argument is 
based on the hypothesis that conjugated payload is 
the main driver of efficacy at the site of action [19,25,59]. 
They further stated that ideally, a DAR-sensitive LBA 
would be equivalent to a conjugated-payload assay, as 
we observed in this example.

This suggests that the DAR-sensitive conjugated-
antibody assay is not measuring the conjugated-anti-
body but rather is measuring the conjugated-payload. 
DAR-sensitive conjugated-antibody is expressed as 
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Figure 7. Correlation of conjugated-antibody (ligand-
binding assay) and conjugated-payload (hybrid) in 
antibody–drug conjugate cyno monkey PK. (A) PK 
profiles of DAR-sensitive conjugated-antibody in 
ligand-binding assay (LBA) (blue diamond) which 
is equivalent to conjugated-payload in LBA, total-
antibody in LBA (red square); conjugated-payload in 
hybrid assay (green triangle). (B) In vivo change of 
average drug to antibody ratio. 
DAR: Drug to antibody ratio; LBA: Ligand-binding 
assay.
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the equivalent concentration of ADC standard. Con-
jugated-payload measures the payload attached to the 
drug antibody and by definition is DAR-proportional 
and has clear PK and PD meaning. If a DAR-propor-
tional assay is desired to monitor the payload change 
in vivo, then the conjugated-payload is the more direct 
assay. Changing the concentration unit of DAR-pro-
portional conjugated-antibody (e.g., multiplying the 
nominal DAR value in the ADC dosing material) will 
convert the result to conjugated-payload. In that regard 
a perfect DAR-sensitive conjugated-antibody assay 

should be called a DAR-proportional assay, which is 
indeed a conjugated-payload assay; while DAR-sensi-
tive assays refer to the assays which may not be able to 
stoichiometrically measure small molecule drug for all 
DAR species [19].

Since both assays are essentially the same, there is no 
need to conduct both assays in PK studies. Which con-
jugated-payload assay to use, DAR-sensitive LBA or 
hybrid assay? Hybrid conjugated-payload assay has less 
dependence on reagent availability especially in early 
Discovery. Generic reagents such as protein A and G 
can be readily available to be used to screen antibody, 
linkers, and payload to select the lead candidate. LBA 
conjugated-payload assay does require the anti-payload 
antibody. For the ADCs with noncleavable linkers 
LBA conjugated-payload assay is the assay of choice 
to monitor in vivo payload change. Post Discovery, 
i.e., IND enabling preclinical studies and clinical stud-
ies, if LBA conjugated-payload (aka DAR-proportional 
conjugated-antibody) is still desired, the assay can be 
processed in parallel with total-antibody and other 
assays in a harmonized and integrated fashion when 
same anti-Id capture reagent is used [20]. Alternatively, 
the fully established hybrid conjugated-payload assay, 
used since early Discovery can also be efficiently and 
effectively used to support ADC projects at later devel-
opment stages with either generic or specific capture 
reagents.

Discovery & development integrated ADC  
PK/BA strategies: choice of ADC analytes  
& assays in discovery PK, development TK 
& clinical PK studies
Currently, there is no industry-wide consensus for 
ADC bioanalysis except for the fact that total-antibody, 
conjugated-antibody and/or conjugated-payload, and 
unconjugated-payload are recommended as the major 
analytes for ADC PK [9–11,19]. It is understood that each 
unique ADC molecule may require a specific combina-
tion of analytes using a fit-for-purpose approach. The 
key elements of Genentech’s strategy [10,22] include 
investigating DAR distribution in vivo and testing all 
quantitative assays with individual DARs to ensure 
accurate quantitation of all ADC analytes in early 
discovery. Key PK analytes in nonclinical and clinical 
studies are total-antibody (LBA), conjugated-antibody 
or antibody conjugated-payload (hybrid assay) and 
unconjugated-payload (LC–MS). The conjugated-
payload represents the active ADC drug component 
and is the preferred analyte when possible in a hybrid 
assay using protein A as the generic capture reagent. 
Pfizer proposed a stage-specific BA strategy [9,19] 
where a DAR-sensitive conjugated-antibody LBA was 
applied in early discovery and a DAR-insensitive con-
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jugated-antibody LBA was preferred in development 
(IND-enabling and clinical studies). Pfizer scientists 
did acknowledge that evolution of assays could gen-
erate different PK profile and parameters at different 
stages of ADC development [19] as discussed above and 
reported by Genentech [28].

With limited experience on ADC performance in 
a clinical setting, it is still uncertain whether con-
jugated-antibody or conjugated-payload correlates 
more closely with efficacy and safety though it has 
been suggested that conjugated-payload is the key 
analyte for efficacy while (DAR-insensitive) conju-
gated-antibody is the preferred analyte for toxicol-
ogy correlations [19]. To maintain the continuity of 
bioanalytical analytes and assays at different stages 
of ADC development, one strategy to be consid-
ered is that in early discovery, because of the effi-
ciency, robustness and simplicity, a generic protein 
A or G capture conjugated-payload assay is ideal 
for screening and candidate selection. Generic cap-
ture total-antibody in LBA or hybrid format can be 
applied. In late discovery and early development, 
DAR-insensitive conjugated-antibody in LBA or 
hybrid format should be established if possible and 
both conjugated-antibody and conjugated-payload 
are measured. Assay performance in regard to DAR 
sensitivity should be evaluated at this stage using 
either enriched average DAR mixtures or purified 
individual DAR standards. It should be kept in mind 
that isolating individual DAR species for randomly 
conjugated ADCs is technically challenging and a 
fit-for-purpose assay strategy should be considered. 
Continuation with only one of the antibody-con-
jugate assays in late development is recommended, 
either a DAR-insensitive conjugated-antibody or 
a DAR-proportional conjugated-payload in either 
LBA or hybrid format depending on the technical 
strength of a particular bioanalytical lab and PK/PD 
correlations in early clinical studies. While currently 
there is a general belief that site-specific ADCs are 
the future of ADC development, and that ADC bio-
analysis will be much simplified with reduced in vivo 
heterogeneity, we would like to caution that deter-
mining optimal conjugation sites for site-specific 
ADCs could be a challenging task. Either site-spe-
cific ADC shifts the bioanalytical focus and difficul-
ties to different stages or randomly conjugated ADCs 
will continue to be one of the major directions of 
ADC development.

Conclusion
The complex nature of ADCs presents unique bioan-
alytical challenges and requires the measurement of 
multiple analytes. Both LBA and LC–MS/MS assays 

and their combination, LB-LC–MS/MS hybrid 
assays, are used in PK bioanalysis of ADCs. The 
use of ‘LB’ rather than ‘affinity capture,’ ‘immuno-
capture’ in the terminology of hybrid assays could 
facilitate the understanding of the nature of these 
assays and promote their flexible and fit-for-purpose 
applications. A series of hybrid assays, complemen-
tary or as substitutions for LBAs, were developed for 
a random-conjugated ADC, by combining anti-Id 
or anti-payload capture, and cathepsin-B or tryp-
sin enzymes for the analysis of conjugated-payload, 
total-antibody and conjugated-antibody. Hybrid 
assays are capable of exclusively supporting ADC 
bioanalysis for PK studies. Generic reagents such as 
protein A and protein G have also been used in both 
the conjugated-payload and total-antibody hybrid 
assays. In general, hybrid assays using generic cap-
ture reagents are equivalent to those using specific 
anti-Id capture reagents in preclinical species when 
soluble target interference is negligible. On the con-
trary, in human plasms/serum samples, hybrid assays 
using protein A and G capture will measure analytes 
(conjugated-payload or total-antibody) in which 
the mAb unbound and bound to the soluble target 
while assays using anti-Id capture measures soluble 
target unbound ADC analytes. When considering 
which technology or platform to use in ADC bio-
analysis and PK modeling, the comparison of LBAs 
and hybrid assays should include factors related to 
analytes being measured, assay DAR characteristic 
and platform availability. LBAs and hybrid assays 
can be complementary or alternative to each other in 
ADC bioanalysis. To be specific: DAR-proportional 
hybrid conjugated-payload assay is complementary 
to DAR-insensitive conjugated-antibody LBA and 
an alternative to DAR-sensitive conjugated-antibody 
LBA. DAR-insensitive hybrid conjugated-antibody 
assay is complementary to DAR-sensitive conju-
gated-antibody LBA. DAR-insensitive total-anti-
body hybrid assay and LBAs are alternatives to each 
other. The results of these assay investigations and 
comparisons demonstrate the possibilities of flexible 
and fit-for-purpose ADC bioanalytical assay strate-
gies at different stages of ADC development and 
also tailored to the capabilities and preference of a 
particular bioanalytical laboratory with a focus on 
LBAs or LB-LC–MS/MS hybrid assays, and to the 
particular ADC constructs worked on. The strategy 
applied to ADC bioanalysis continues to evolve and 
industry-wide harmonization is desirable.

Future perspective
Diversified bioanalytical assays will continue to be 
used to support ADC PKs. More clinical data on a 

the collectables_year in bioanalysis.indb   57 13/10/2017   11:02:36



58 Bioanalysis (2016) 8(13) future science group

Research Article    Wang, Gu, Liu et al.

variety of ADCs will help to decide which ADC ana-
lyte correlates more closely with safety and efficacy. We 
will see more applications of hybrid LB-LC–MS/MS 
conjugated-payload assays in Discovery to measure 
preclinical PK studies in addition to evaluating in 
vitro and in vivo linker and payload stabilities and 
payload metabolism using generic reagents. Either 
hybrid or LBA conjugated-payload (DAR-sensitive 
conjugated-antibody) assay can continue into Devel-
opment to analyze regulated preclinical and clinical 
studies with a focus on efficacy correlation. As ADC 
toxicity can be both payload- and antigen-dependent, 
DAR-insensitive conjugated-antibody plays a signifi-
cant role in establishing safety margins, and correlat-
ing preclinical and clinical ADC exposures. While 
LBAs have been the primary assays for total-antibody 
and (DAR-insensitive) conjugated-antibody, with 
more pharmaceutical companies and CROs working 
on ADCs and more experience industry-wide, and 
particularly because of the integration and close col-
laboration between LBA- and LC–MS/MS-based lab-
oratories, there will be more applications of LB-LC–
MS/MS hybrid assays for the analysis of these two 

ADC-related analytes. Immunocapture at the ADC 
and peptide-level coupled with micro- or nano-LCs 
will increase the sensitivity of these LB-LC–MS/MS 
hybrid assays.
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Executive summary

• Antibody–drug conjugate (ADC) molecules are heterogeneous mixtures and in vivo have a continuous 
dynamic change of composition. Randomly conjugated ADCs have higher degrees of complexity. Although 
each unique ADC may require a specific group of analytes, in general, four analytes are commonly measured 
in ADC PK studies including total-antibody, conjugated-antibody, conjugated-payload and unconjugated-
payload using LBA, LC–MS/MS and ligand binding (LB)-LC/MS/MS hybrid assays.

• LB-LC–MS/MS hybrid assays were developed to measure total-antibody, conjugated-antibody and conjugated-
payload in ADC PK studies. These assays are capable of fully supporting ADC bioanalytical needs and may be 
considered as alternative or complementary to traditional ligand-binding assays (LBAs).

• The drug to antibody ratio (DAR) sensitive hybrid conjugated-payload assay measured different DAR species 
accurately against an ADC reference standard with average DAR of 3. The assay results correlated well with 
the LBA conjugated-payload (DAR-sensitive conjugate-antibody) assay.

• Hybrid total-antibody and conjugated-antibody assays were DAR-insensitive using anti-Id and anti-payload as 
capture reagents, respectively.

• The immunocapture in the cartridge and beads formats generated different DAR characteristics for hybrid 
conjugated-antibody assays using the same anti-payload capture reagent for a random-conjugated ADC 
studied. More investigations and comparisons are warranted.

• Currently there is no industry-wide standard strategy or procedures for ADC bioanalysis.
• While stage specific assay strategies are currently being discussed throughout the industry, a Discovery and 

Development integrated ADC bioanalysis strategy with the focus of assay continuity, flexibility and fit-for-
purpose is proposed;

• Due to their independency on specific reagents, DAR-proportional hybrid conjugated-payload assays have an 
edge in early Discovery for compound screening and candidate selection.

• DAR-sensitive conjugated-payload in hybrid or LBA format can be continued into late Discovery and early 
Development stages while DAR-insensitive conjugated-antibody assays in either LBA or hybrid formats should 
be developed.

• Either DAR-sensitive conjugated-payload or DAR-insensitive conjugated-antibody assay could be carried 
into later Development once efficacy/toxicity and exposure relationship (of a specific analyte) has been 
established.

• ADC bioanalytical strategies continue to evolve. The choice of LBA or hybrid platforms for the quantitation of 
the major ADC PK analytes can be made on a case-by-case, fit-for-purpose fashion and is also dependent on 
the strength of a particular bioanalytical lab and its ADC bioanalytical philosophy.
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Special Focus Issue: Immunoaffinity MS

Bioanalysis published a Special Focus issue spotlighting the new developments in immunoaffinity-mass 
spectrometry (IA-MS) methods. The combination of IA sample preparation with MS detection allows 
analytical scientists to keep on track with advances in biological sciences and creates new opportunities 
for research. 

“IA-MS has become a recognized analytical genre with demonstrated impact to both biomarkers and 
biotherapeutics. However, to achieve broader adoption it is essential that we remove barriers to implementation 
and focus on applications where hybrid methods outperform their component parts.” said Guest Editor 
Bradley L Ackerman, from Eli Lilly and Company.

The issue includes a range of Editorial and Research Articles looking at utilizing the inherent value of 
IA-MS, and also the wider application of the technique, which may pose new challenges.

“We are excited to be publishing this Special Focus issue of Bioanalysis, which includes a number of research 
articles on novel applications of IA-MS technology” said Sankeetha Nadarajah, Editor of Bioanalysis. “The 
issue aims to highlight the ongoing developments in these areas, challenges in adopting the hybrid technique 
and also provide a future outlook on how the field will evolve.”

To read the full issue, please click here – www.future-science.com/toc/bio/8/15
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Over the past 20 years, protein and peptide 
drug development has advanced signifi-
cantly, becoming a rapidly growing segment 
of the biotherapeutics market. It has gener-
ated treatments for a wide variety of diseases 
ranging from inflammatory disorders to can-
cer [1,2]. This expansion of biologics-based 
medicines has pushed drug manufacturers 
to adopt new bioanalytical and analytical 
approaches to quantify and characterize mul-
tiple modalities of protein-based therapeutics 
efficiently with particular focus on the high-
throughput needs of early-stage PK studies. 
Ligand-binding assays (LBAs) are widely used 
for bioanalysis of small and large molecules, 
but these assays can be lengthy to develop 
and have limited selectivity and sensitivity. 
LC–MS/MS-based bioanalysis can offer 
important advantages over immunoassay- 
based techniques, but LC–MS/MS with 
large molecules introduces several challenges 
affecting throughput, operating expertise 
and ease of use.

Bioanalytical techniques for 
large-molecule quantification
Traditional approaches for quantification of 
biologic drugs typically involve either LBAs, 
such as ELISA, or UV detection of indi-
vidual peptides using HPLC separation [3,4]. 
One of the challenging parts of biologic drug 
quantification is developing a selective and 
sensitive assay, which can accurately measure 
and not over- or underestimate the drug con-

centration levels. This is very important dur-
ing preclinical or clinical safety/efficacy test-
ing. The gold standard has been LBAs but 
due to lack of specificity, this technique has 
been recently complemented with LC–MS. 
More recently, LC–MS/MS-based methods 
[5–7] have come to the forefront as a feasible 
approach for the quantification of various 
therapeutic peptides, proteins and monoclo-
nal antibodies (mAbs) in biological matri-
ces with many of these methods relying on 
proteolytic digestion of the target mAb and 
quantification of multiple unique signature 
peptides, which are equivalent to levels of 
the whole protein. The LC–MS/MS method 
complements the traditional LBA approach 
and provides the specificity and sensitivity 
necessary for overcoming LBA limitations, 
such as matrix interferences and time-con-
suming reagent development. Further incor-
poration of immunoaffinity-enrichment 
steps, which concentrate the target biologic 
drug prior to proteolysis, not only lowers the 
background complexity but also captures the 
active and circulating isoform of the drug, 
which makes the assay functionalized [8,9].

Pros & cons of ligand-binding 
& LC–MS/MS techniques for 
large-molecule bioanalysis
The main driver behind exploring alternate 
techniques is to increase the selectivity of 
an assay. Each assay platform, either LBA or 
LC–MS/MS, has demonstrated its strengths 
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and limitations [10]. The ultimate end goal for any tech-
nique is to provide most reliable and accurate results. 
Traditionally, large-molecule PK assays have employed 
LBAs that rely on immunoaffinity detection of a unique 
epitope on the protein or peptide of interest. This 
approach can detect both physiologically active and 
‘free’ forms of circulating large-molecule drugs, which 
makes the assay functionalized. Even though, the high 
specificity of the antibody-based interactions can track 
an analyte with high sensitivity but are typically expen-
sive and time-consuming to develop. Specific antibody 
reagents to be developed for each mAb variant, a pro-
cess that is often not compatible with the compressed 
time frames encountered during the initial stages of 
drug development. On the other hand, LC–MS/MS is 
widely used for highly selective and sensitive bioanalysis 
of small molecules. However, large-molecule bioanaly-
sis using LC–MS/MS also presents challenges such as 
the need for extensive and tedious sample preparation 
and the expertise to operate complex LC–MS instru-
mentation including the software to process the data 
limits wider adoption of the technique. LBAs have 
limited dynamics and are subjected to limited selectiv-
ity and antibody cross-reactivity. This results in lack of 
specificity from interference and high-background levels 
that are not suitable for meeting the biopharmaceutical 
industry’s requirements to detect diverse peptide, and 
protein therapeutics with ever-increasing sensitivity and 
reproducibility. LC–MS/MS assays can bring all the 
benefits of further selectivity with either multiple reac-
tion monitoring (MRM) quantification or high-resolu-
tion quantification, in addition to the ability to mea-
sure multiple components and even biotransformation 
products such as catabolites of the drug [11]. Each tech-
nique shares opportunities and limitations to keep up 
with the ever-increasing demand for selective and sensi-
tive biologics bioanalysis [12]. By combining traditional 
LBA immunoaffinity assays with the latest LC–MS/MS 
technologies, bioanalysts can achieve efficient immuno-
capture and sample extraction of large molecules, fol-
lowed by highly sensitive and selective data analysis. 
Hybrid LBA–LC–MS/MS opens up new prospects to 
accelerate the drug discovery and development [13].

Hyphenating LBA & LC–MS/MS 
opportunities
With the increasing complexity of multidomain thera-
peutic drug candidates (e.g., antibody–drug conju-
gates, pegylated proteins and fusion proteins), the 

specificity of LC–MS/MS detection combined with 
the selective enrichment advantages of ligand binding 
will help to fully characterize the PK/PD properties of 
these new drug entities. LC–MS/MS methods have 
the advantage of simultaneous detection of multiple 
peptides or molecules derived from a protein con-
struct. This offers the opportunity to characterize the 
metabolism, catabolism and protein stability of both 
bioactive and inactive regions of the construct and can 
provide complimentary information to LBAs. Addi-
tional information complimentary to LBAs can be 
obtained by the ability of LC–MS/MS to quantitate 
multiple proteins in the same sample such as target and 
therapeutic or therapeutic and antidrug antibodies.

Hybrid LBA–LC–MS/MS assays for biologics 
bioanalysis
A recent example of the utility of combining ligand 
binding with the specificity of LC–MS detection 
was provided by Liu et al., who described a hybrid 
immune-capture LC–MS/MS assay for the quantifi-
cation of the payload molecules of an ADC [14]. The 
hybrid antibody-conjugated payload assay has three 
steps: immunoaffinity-enrichment with an anti-idio-
type capture mAb, payload cleavage using a specific 
lysosomal enzyme and LC–MS/MS analysis of the 
cleaved payload. This combined approach provides 
direct measurement of the bioactive species, payload 
molecule linked to the mAb and not the other possible 
analytes, which include unconjugated payload and its 
metabolites and unconjugated mAb. A unique char-
acteristic of multidomain peptide therapeutics is their 
heterogeneity, this is reflected in the drug–antibody 
ratio (DAR) of ADCs. The DAR in vivo is dynamic 
and changes over the time course of PK measurements, 
so that the calibration curve ADC reference material 
might not behave the same as the ADC with varying 
DAR. The authors showed their hybrid assay with 
direct measurement of the payload molecule could 
quantify ADCs in QC samples of DAR 2.0 and 4.0 
using calibration samples prepared with a DAR of 3.0. 
An example of the complementary nature of a hybrid 
LBA–LC–MS/MS assay and LBA was provided by 
their characterization of the change in DAR over the 
time course of the PK measurement. The data were 
generated by using the ratio of the antibody-conju-
gated payload concentration from the hybrid assay to 
the total-Ab concentration from an LBA and showed 
that the average DAR decreased from 3 to 1 postdos-
ing. This data, generated from multiple assays can give 
unique insights into the metabolism and disposition 
of the ADC that a singular assay could not. Finally, 
the multiplexing ability of MS detection was demon-
strated by monitoring an inactive form of the ADC 

“The shift from small molecule to large molecule 
is happening exponentially, so are the techniques 
to characterize and quantify these molecules in 

the biological matrices.”
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that consisted of a metabolite of the payload still con-
jugated to the mAb. This study is an excellent example 
of the power of hybrid LBA–LC–MS/MS techniques 
to deliver a comprehensive bioanalytical strategy for 
ADC PK characterization [14].

The complementarity of integrating the data from 
orthogonal techniques was illustrated in a recent pre-
sentation by Krantz at EBF 2015 [15]. In a preclini-
cal PK study of a PEGylated protein–drug candidate 
known to be proteolytically unstable, both an LBA 
and a multiplexing LC–MS/MS assay were employed 
to characterize its’ PK behavior. The multiplexed LC–
MS/MS assay simultaneously measured three peptides 
from distinct regions of the protein. The PK profile of 
the drug candidate as measured by LBA only corre-
lated with the PK profile as measured by one of the 
three signature peptides. It was confirmed that the 
LBA results and the LC–MS/MS results of the corre-
lating peptide represented only the bioactive portion of 
the drug candidate. The major species present in serum 
were truncated PEGylated forms of the protein which 
were represented by the assay of the other two pep-
tides. The LBA on its own was not able to detect these 
metabolites. In a follow-up clinical study of the uncon-
jugated therapeutic protein, a second LBA employ-
ing a different capture pAb was employed along with 
the three peptide multiplexed LC–MS/MS assay [15]. 
When examining the PK data correlation between the 
assays from the unconjugated protein study, it was dis-
covered that the converse was true. The LBA PK pro-
file correlated with the LC–MS/MS assay of the pep-
tides representing the inactive region of the protein. In 
this example, LC–MS/MS was used to characterize 
the LBA and helped to determine what the LBA was 
measuring.

Conclusion
The shift from small molecule to large molecule is hap-
pening exponentially, so are the techniques to charac-
terize and quantify these molecules in the biological 
matrices. There are many challenges in dealing with 
large-molecule drugs and one of the most important 
and a common challenge is a selective and specific bio-
analytical assay. A Gold standard assay such as LBA still 
has its place given throughput and ease of use. But the 
expectation around patient safety and efficacy demands 
more selective assay platforms such as LC–MS/MS 

system, perhaps hybrid LBA–LC–MS/MS assay is the 
strategy to go. Comparable cost analysis [16] between 
different LBAs and LC–MS/MS assays makes it easier 
for scientists to put more emphasis in choosing scien-
tifically sound and selective techniques for the study. 
Hybrid LBA–LC–MS/MS assay can bring all the ben-
efits of further selectivity with either MRM quantifi-
cation or high-resolution quantification in addition to 
the ability to measure multiple components and even 
metabolite’s/catabolite’s down the road.

Future perspective
Although LC–MS/MS technologies have certainly 
advanced to be more suitable for biologics bioanalysis, 
the array of MS technologies and techniques, tedious 
sample preparation methods and reagents could be 
daunting for nonexperts needing to develop a new bio-
logics bioanalysis workflow. An integrated package for 
biologics analysis that includes sample preparation kits, 
automated immunocapture-enrichment process, MS 
technologies and standardized software with ready-to-
use protocols makes the process easier to implement 
without compromising data quality. Significantly 
improved selectivity can also be achieved in biological 
samples that have numerous highly abundant protein 
interferences by using MRM [3] and differential ion 
mobility separation technology. Further advances in 
software and automation are being made to increase 
throughput, and enhance method development and 
optimization. The latest instrumentation and software 
developments will deliver significant improvements 
in the quality and reliability of bioanalysis studies, 
delivering more robust and compliant data that have 
important implications for patient safety. These devel-
opments are making LC–MS/MS more accessible for 
biologics bioanalysis, helping scientists to accelerate 
their large-molecule drug development.
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Spotlight: Hybrid LBA-LC–MS

Spotlight summary written by Carsten Krantz (Mannheim University, Germany)

Bioanalysis Zone focused on LBA/LC–MS, covering the development of LBA/LC–MS technologies, 
benefits of the techniques and more. In conjunction with this Spotlight focus we conducted a survey to 
gain insight into how you use this technology and the regulatory environment you work in. The survey 
addressed methodological practices followed in LBA/LC–MS, including acceptance criteria used for 
drug analysis and much more. In this Commentary, Carsten Krantz provides a summary of this recent 
survey.

Ligand-binding assay (LBA) and LC–MS/MS technologies are widely used in the bioanalytical field 
for the analysis of small or large molecules. While LBA technology has been used for many years for 
quantification of proteins or biotherapeutics in biological matrices, LC–MS/MS has recently come 
more into focus as a valuable tool for the bioanalytical scientist to answer specific questions that were 
previously unaddressed.

LC–MS/MS brings several advantages including short assay development times, high selectivity and 
specificity, less stringent need for critical reagents – although may suffer from a lack of sensitivity due 
to a highly complex matrix that interferes with sensitive detection of the surrogate peptide.  In order 
to minimize this problem, scientists have combined the specific detection of a mass spectrometer with 
the highly selective functionality of a LBA.

In these immunoaffinity LC–MS assays (also known as hybrid LBA/LC–MS assays), a specific binding 
reagent coated to a solid matrix is used as a bait to specifically pull down the analyte of interest. Unbound 
small and large contaminants can be removed by washing and the analyte of interest is selectively 
captured and subsequently quantified in a mass spectrometer. Useful capture reagents for hybrid 
LBA/LC–MS assays include generic reagents that selectively capture species–specific immunoglobulin, 
target protein, anti-idiotype antibodies, binding proteins and receptors. Alternatively, the capture can 
be performed with an antipeptide antibody reagent when samples are predigested.

In order to gain further insights into the use of hybrid LBA/LC–MS assays among bioanalytical laboratories, 
Bioanalysis Zone recently conducted a survey. Of all the individuals who took part in the survey, the majority 
(72%) were from North America, 24% from Europe and 4% from Asia. Half of the participants work in 
pharma (36% in large companies and 14% in medium to small sized pharma companies), 23% come from a 
CRO or CMO, 13% work in the Biotechnology sector and 5% represent either an equipment vendor or are 
working in a different field (e.g., large biopharma, consumables and equipment vendors or agrochemical and 
seeds). Strikingly, only 4% of all participants belong to academia, highlighting that essentially all research 
and development in hybrid LBA/LC–MS is done with an industrial perspective.

Among responders who use hybrid LBA/LC–MS assays, 44% describe themselves as a manager 
or director and 20% have a leading position within their company (Director, CEO, VP). On the 
laboratory level, 32% of Scientists/Chemists 
but only 2% of technicians use these assays. 
When asked where hybrid LBA/LC–MS 
assays are applied the majority answered they 
are analyzing peptides (44%), mAbs (50%) or 
ADCs (44%) or therapeutic proteins (61%). 
Fusion proteins (26%), protein biomarkers 
(36%) endogenous analytes (19%) and 
oligonucletides (6%) were mentioned less 

Peptides

What molecules do you analyze using hybrid LBA/LC–MS?

44% 44%

6% 6%

Endogenous analytes

19%

50% 61%

26%

Protein biomarkers

36%
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frequently. Interestingly, these analytes are 
measured predominantly in a discovery or 
preclinical setting (22% early discovery, 
17% late discovery, 24 % preclinical IND 
enabling Tox studies). Approximately 30% of 
hybrid LBA/LC–MS are used in early clinical 
development and only 7% in late Phase III 
studies, indicating that hybrid LBA/LC–MS 
is still a relatively new assay format. It will be 
interesting to see if we will see more clinical 
applications as projects move through the 
pipeline.

The notion of a rather young technology that 
still needs to find its niche in the bioanalytical 
laboratory is reinforced by the survey result 

indicating that for many of the labs (43%) hybrid LBA/LC–MS represents only one-quarter of all 
LC–MS assays (hybrid LBA/LC–MS and conventional direct assays). Only 18% of the labs have half 
of their LC–MS assays in the hybrid format and only 8% use more than three-quarters or all their 
assays with hybrid LBA/LC–MS. Nevertheless, just 23% of labs use exclusively conventional LC–MS 
assays, indicating that hybrid LBA/LC–MS have been introduced in the majority of laboratories. The 
predominant application for hybrid assays is PK/PD studies to determine the drug (76%) or the drug 
target/biomarker (46%). Many survey responders (42%) indicated that they apply these assays for 
other drug-related studies in the DMPK environment, 14% use hybrid LBA/LC–MS in precision 
medicine and 21% to answer safety-related questions. Despite having many similarities and being 
applied for similar purposes, interestingly in only 56% of all cases are LBA and LC–MS capabilities 
under the same management.

Regarding the procedure for the hybrid LBA/LC–MS, a key issue to address is the internal standard. 
Forty percent of responders apply a SIL protein or, if available, a protein analog (28%; e.g., from 
another species) that can be spiked into the sample and is thus exposed to all assay steps. However, a 
protein internal standard is not always available and 57% of responders use a stable isotope-labeled 
form of the surrogate peptide or alternatively an analog of the surrogate peptide. Interestingly, only 
21% use a stable isotope-labeled peptide with additional amino acids (i.e., flanking or winged peptide) 
that are removed during digestion. Apparently, it is believed that these extra amino acids do not have a 
major advantage compared with conventional SIL peptides.

What form of internal standards do you use? What form of internal standard 
would you prefer to be using? 

Analog of the surrogate peptide 

SIL forms of the surrogate peptide 

SIL surrogate peptide with additional amino 
acid residues attached (flanked peptide) 

Protein analog  

SIL-protein 

40%

28%

21%

57%

28%

Analog of the surrogate peptide 

SIL forms of the surrogate peptide 

SIL surrogate peptide with additional amino 
acid residues attached (flanked peptide) 

Protein analog  

SIL-protein 

56%

8%

7%

24%

12%

What is the approximate ratio of hybrid LC–MS vs 
conventional LC–MS assays in your lab?

Only Hybrid assays 

75% Hybrid 

50% Hybrid

25% Hybrid

Only conventional LC–MS

8%
8%

18%

43%

23%
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The preference for a full SIL protein is reflected also in the answer that 56% of responders would select a SIL 
protein if available. Here, just 24% would prefer SIL peptides, only 12% would go with a peptide analog 
and only 8% or 7% of all responders would use a protein analog or a flanking SIL peptide. Depending on 
the binding epitope of the capturing reagent, the immunoaffinity capturing applied for hybrid LBA/LC–MS 
can be at the protein or the peptide level (SISCAPA approach). The majority of responders (62%) prefer the 
immunocapture step on the intact level prior to enzymatic digestion, only 5% choose an immunocapture 
approach after digestion. A so-called double hybrid LBA/LC–MS – a capture at the intact analyte level 
followed by digestion and subsequently a second capture on the peptide level – is preferred by 16%. Seventeen 
percent of responders specified that they usually use none of these steps, which could indicate the preference 
for a direct or conventional LC–MS assay.

Besides the capturing reagent, an important step for a hybrid LBA/LC–MS is the question of whether the 
captured proteins are digested directly on the beads together with the capturing reagent or if the bound 
proteins are first eluted and then digested. The latter usually gives higher sensitivity but introduces an elution 
step and a possible need for pH neutralization prior to the digestion, all steps where losses may be incurred. 
Nevertheless, 52% of all responders prefer to elute and digest, whereas only 26% prefer to digest directly on 
the beads. A small minority (7%) of responders go a step further and dry-down the eluate prior to digest. 
Fifteen percent of responders use none of the above mentioned steps.

Since a large molecule LC–MS assay is completely dependent on efficient release of the surrogate peptide, 
the enzyme used is clearly very important. The enzyme of choice is trypsin, but there are many different 
preparations of trypsin on the market that differ in their purity, residual activity of chemotrypsin, or auto-
proteolytic activity. A majority (53%) of all responders use a high-quality trypsin e.g., Trypsin Gold. The 
unprotected lower grade (but more affordable) bulk trypsin is preferred by 18%. Fifteen percent prefer a 
combination product e.g., Trypsin/LysC and 7% either use site protected trypsin to prevent auto-proteolysis 
or some other enzyme source.

Similarly to small molecule LC–MS, triple quadrupole mass spectrometers combined with a conventional 
HPLC or UPLC are the most common used systems for hybrid LBA/LC–MS. The majority of all responders 
(64%) use these quantitation workhorses. High-resolution MS like Orbitrap or Q-TOF combined with 
these LCs are used only by 12% of survey responders. Fourteen percent attach a micro or nano LC to 
their QqQ and 10% use these LCs in combination with a high-resolution instrument. When it comes to 
acceptance criteria, 33% use the LBA 4-6-20 (25% at LLOQ) criteria. Around a quarter of all responders 
apply the small-molecule 4-6-15 acceptance criteria (20% at LLOQ). Thirty eight percent are not biased by 
either small molecule LC–MS or LBA criteria but rather use a case-by-case base tailored to the application 
of the assay. A crucial experiment to evaluate robustness of any bioanalytical assay is the ability to reliably 
remeasure study samples. For these so-called incurred sample reanalyzes (ISR), 34% of all survey responders 
apply the small molecule acceptance criteria (2/3 of all samples within 20% of the mean) and 31% use the 
LBA acceptance criteria (≤30%), and 35% respondents indicated that currently no ISR is performed.

When asked where participants see the main limitation of LBAs, 68% responded that the requirement of 
specific antibodies constitutes a major drawback. These tool antibodies usually require a substantial amount 

What kind of proteolytic enzyme do you use?

Bulk trypsin 18%

53%

15%

Site protected trypsin

High quality trypsin 
(e.g. Trypsin Gold)

Combination products 
( e.g. Trypsin/Lys-C)

7%Other

7%
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of time to generate, which is a problem for 67% of survey responders. Additionally, 42% of responders 
highlight the limited selectivity and multiplexing functionality of most LBAs. Thirty percent believe that 
matrix interferences – which are often encountered in LBAs – constitute a major disadvantage.

Interestingly, only 18% indicated cost as a drawback of a LBA. When asked a similar question about disadvantages of 
conventional LC–MS assays for large molecules, the majority (70%) responded that an inherent problem of these assays is 
insensitivity when used without further enrichment tools. Forty two percent believe that the complex sample preparation 
of conventional LC–MS/MS assays is a main limitation. In the absence of an immunocapture step, the analyte measured 
is the ‘total’ concentration, which may or may not equate to the pharmacologically relevant concentration, and 37% of 
survey responders see this as a main limitation of conventional LC–MS/MS assays.

About a quarter of survey responders see the lack of regulatory guidelines (26%), or the required expertise to run 
such an assay (25%) as a limitation. Similarly 25% of survey participants believe that conventional LC–MS/MS 
assays are still a developing science. Lack of experience at CRO (14%) or limited throughput (18%) were also 
considerations. Only 4% stated uncertainty regarding setting acceptance criteria constitutes a problem.

Conversely, when benefits of hybrid LBA/LC–MS were discussed, 39% of responders indicate that 
improvement of sensitivity is a main driving force. Twelve percent mentioned that selectivity, or in some 
cases the more meaningful picture of drug levels when hybrid LBA/LC–MS are used, is important. Four 
percent emphasize the possibility to measure free drug and only 2% highlight the multiplexing possibility 
of hybrid LBA/LC–MS. Thirty percent believe that all these benefits are a main advantage to select hybrid 
LBA/LC–MS assays.

To improve the advantages of these assays even further, 77% of responders believe that kits or automated 
processes would help in the work. Finally, 91% of survey participants indicated that they believe the proportion 
of hybrid LBA/LC–MS will increase in the next 3–5 years and that quantification and quantitative analysis 
of target engagement for biologics will become a significant growth area for hybrid LBA/LC–MS (70%) 
further highlighting the strong potential of this technology in the upcoming years.

Key Points

• LBA is historically the gold standard for biologics and is employed extensively in their analysis. LC–MS, in 
contrast, is considered the gold standard for small molecule analysis. Until recently, LC–MS was reserved 
for niche applications in the area of large molecule bioanalysis.

• Both techniques have differing benefits and drawbacks: moreover, when run in parallel, the results 
obtained can vary. This has led to extensive discussion based on which result is ‘correct’. However, the 
discussion recently has shifted to, ‘how can we use the techniques orthogonally and, in some cases, 
simultaneously’.

• LBA/LC–MS is an example of the simultaneous use of both techniques and the collaboration between 
scientists with a LC–MS background and those with a LBA background.
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Industry
Ask the Experts: Microsampling

In this ‘Ask the Experts’ feature we explored some of the recent developments in microsampling 
with leading experts in the field. For the past couple of years, there have been a number of exciting 
developments in microsampling. The development of techniques such as VAMS and solid phase 
microextraction (BioSPME) have transformed sample preparations and methodological practices.

In this feature we discussed some of the various microsampling techniques, including advantages and 
challenges faced when using these techniques. Check out what some of the key leaders thought about 
microsampling in the excerpt below:

How do you see microsampling techniques evolving over the next 5–10 years? What challenges do 
you think will remain or appear?

“The main challenge is full acceptance so 
that microsampling becomes the default 

approach for preclinical safety testing.  The 
complete removal of satellite groups is the 

second challenge, as microsampling is 
currently primarily focused on exposure 

measurements…I envisage that over the next 
5–10 years we will see a lot of innovation around 

the sampling technique with new technology 
being put forward, for example the MSW2 
device from Shimadzu (Kyoto, Japan).”

Tim Sangster (Charles River)

“Manipulation of microsamples remains 
a significant challenge for many labs. 

High throughput automated analysis of 
microsampling devices seems to be within 
reach. There is a significant trend towards 
automation, and microsampling workflows 
will be strongly affected by it. Completely 

automated workflows, from sample receipt 
to answer, are conceivable at this point and I 
think within 5–10 years they will be a reality.”

Stuart Kushon (Neoteryx)

“There will be continued advancements  
in the specificity of microsampling techniques.  

Microsampling devices containing antibodies for 
highly specific assays are within the foreseeable 

future. Evolution of microsampling with 
biosensors has the potential to allow  

rapid patient assessment in under developed 
countries that do not have access to  
advanced laboratory techniques.”

Craig Aurand (Supelco/Sigma-Aldrich)

“From a technical perspective, I think there is scope for the 
further development of novel sample collection devices. 
From a study design perspective, I hope we will see the 

logistic simplicity of microsampling increasingly applied in 
late-stage clinical studies to improve PK data generation by 
‘decoupling’ collection of blood samples from clinical site 
visits. This would allow for samples to be taken at home, 
possibly by the patients themselves. This could enable 

wider participation in PK aspects of late-stage studies, and 
allow for collection of samples at time points that would be 

impractical in a clinic setting.”

Chris James (Amgen Inc.)
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The 9th Global CRO Council in Bioanaly-
sis (GCC) Closed Forum took place on 13 
April 2015, preceding the 9th Workshop 

on Recent Issues in Bioanalysis in Miami, 
FL, USA. The GCC was founded in 2010 
to allow senior management level CRO rep-
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resentatives to share experiences and opinions related 
to scientific and regulatory issues in bioanalysis [1]. 
Eight prior closed forums have periodically occurred 
since the founding of the GCC, typically associ-
ated with other major bioanalytical conferences, to 
discuss a variety of topics and issues of particular 
interest to bioanalytical CROs. Conference reports 
describe the discussions, allowing a glimpse into 
the opinions and challenges faced by this subsec-
tion of the industry [2–6]. Additionally, several White 
Papers have been published by the GCC on topics 
of particular widespread interest [7–12]. These White 
Papers provide recommendations that are meant to 
be applicable to the global bioanalytical community.

Roger Hayes, chair of the 9th GCC, began the meet-
ing in traditional fashion, with the official admonition 
statement [1], which instructed participants on the guide-
lines to follow during the discussions. Following this, all 
participants introduced themselves and then this year’s 
discussion topics were presented. The eight topics for the 
9th GCC Closed Forum were as follows:

• The role of CAPA in regulated bioanalysis.

• Method robustness in regulated bioanalysis.

• Best practices for supporting biosimilar studies using 
ligand binding methods.

• Status of method validation requirements in the pre-
clinical space.

• Best practices for measuring endogenous biomarkers 
beyond prior GCC recommendations.

• Whole blood stability and blood partitioning.

• Regulatory audit experiences.

• Electronic laboratory notebooks and LIMS 
systems.

Discussion topics
The role of CAPA in regulated bioanalysis
A robust Corrective Action and Preventive Action 
(CAPA) program is required in a Chemistry, Manufac-
turing and Controls (CMC)/Good Manufacturing Prac-
tices (GMP) environment in accordance with the Q10 
GMP guidance document [13]. The core value of such 
a program is to determine the root cause of any quality 
issue resulting from an investigation into a nonconfor-
mance, complaint or other undesirable situation. Once 
determined, the root cause is addressed by a two-pronged 
approach. The first is the corrective action, which is 
implemented to address the cause of a detected issue. The 
second is the preventive action, which is implemented to 
prevent the detected issue from recurring.

In the context of manufacturing drug products, 
CMC/GMP principles outlined in the Q10 docu-
ment are applied to ensure that drugs are consistently 
produced and controlled in such a way as to meet the 
quality standards appropriate for their intended use, as 
required by the marketing authority. The CAPA pro-
gram, when implemented properly, should result in a 
greater understanding of the product and processes 
and, therefore, their improvement. Part of the regula-
tory requirements of the program includes complete 
and thorough documentation of the entire process 
involved in a CAPA, which typically includes seven 
basic steps:

• The identification of the problem/potential 
problem, nonconformity or incident;

• An evaluation of the magnitude of the problem 
and potential impact on the company;

• The development of an investigation procedure 
with assignments of responsibility;

• Performing a thorough (root cause) analysis of the 
problem with appropriate documentation;

• Creating an action plan listing all the tasks that 
must be completed to correct and prevent the 
problem from recurring;

• The implementation of the plan;

• A thorough follow-up with verification of the 
completion of all tasks, and an assessment of the 
appropriateness and effectiveness of the actions taken.

Based on feedback from sponsors to CROs, there 
appears to be an expectation that GLP/regulated 
bioanalytical laboratories meet these GMP require-
ments despite the fact that they are out of scope for 
GMP regulations. There is a fundamental difference 
between GMP and GLP, however, which gives pause 
to the CROs when trying to decide how best to fulfill 
the expectations of their clients. At a high level, GMP 
is concerned with the integrity and quality of a manu-
facturing product intended for human use, whereas 
GLP protects the integrity and quality of laboratory 
data used to support a product application.

There are undisputed benefits to implementing a 
CAPA program in bioanalysis, including better con-
trol of processes and methods, better understanding 
of issues, a decrease in the risks of failures and an 
increase in data accuracy and reliability. Conversely, 
there are potential drawbacks if a CAPA program is 
implemented inappropriately. These include additional 
work and costs as well as inadequate investigations 
leading to a waste of resources (human, time, finan-
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cial) with no significant added value to the generated 
bioanalytical data.

In an effort to understand how and if CROs are 
electing to implement CAPA programs, a survey was 
sent to CRO member companies asking to share their 
approaches and philosophies. A majority of the respon-
dents indicated that a CAPA program is pertinent to 
regulated bioanalysis, but should be judiciously applied 
and is not intended for all quality issues. The results 
indicate that most respondents believe that the quality 
issues that should be addressed by a CAPA program 
are those that are recurrent or systemic in nature, not 
isolated, or those that have significant impact on the 
bioanalytical data being generated.

The discussion with the attendees seemed to sup-
port these survey results. There was agreement that 
while the idea of a CAPA program is a good one, the 
extent of a GMP-like program is not required, and the 
investigation of quality issues should be outlined in a 
written procedure or Standard Operating Procedure 
(SOP). There is an assumption in GMP that methods 
and processes are designed to never fail; however, in 
GLP, tolerance limits are built into the methods, and 
failures do not have the same impact. For example, the 
instability of an analyte during a sample extraction 
procedure requires a method adjustment, not neces-
sarily a full investigation into the cause of the stability 
issue. It was noted that most attendees perform trend-
ing at their companies in order to decide whether a 
CAPA approach to the remediation of quality issues is 
appropriate. Some examples of issues that may require a 
CAPA approach can include significant documentation 
lapses, lost samples or chronic contamination issues.

In conclusion, in a regulated bioanalytical CRO 
environment, CAPA elements should be thoughtfully 
applied by considering a balance between expected 
benefits, resources needed and potential risks for the 
organization. The CAPA approach should be tailored 
and adapted to fit the area of regulated bioanalysis. 
Each quality issue should be evaluated on a case-by-
case basis prior to applying CAPA; the impact, fre-
quency and significance of the issue should drive the 
decision to implement CAPA (i.e., risk-based CAPA).

Method robustness in regulated bioanalysis
Another topic discussed was that of ‘GMP creep’ 
into regulated bioanalysis and the expectation of how 
method robustness should be evaluated. The ICH 
Q2(R1) guideline for validation of GMP analyti-
cal methods [14] refers to small but deliberate varia-
tions in the method that could impact the reliability 
of the results. This is further referenced in the 2015 
US FDA guidance document [15], which calls for a sys-
tematic approach for method robustness. However, the 

notion of evaluating the variations in the bioanalytical 
method is not excluded from the international Bioana-
lytical Method Validation guidelines [16–19]. All four 
documents speak of performing precision and accu-
racy evaluations on different days. The FDA guidance 
further recommends performing the tests with dif-
ferent analysts, equipment, reagents and laboratories. 
The EMA recommends testing at least one run in a 
size equivalent to the anticipated study sample runs. 
However, GMP validation parameters suggest showing 
method reliability with many more variables, including 
pH of the mobile phase, temperature, flow rate, etc.

CRO member companies were surveyed to deter-
mine their approach to method robustness. The major-
ity of respondents indicated that method robustness in 
regulated bioanalysis should be evaluated and so there 
was further inquiry into the variables that were tested. 
Most believed that validation runs should be performed 
on different days. Different analysts would only be 
required when the size of the study and the intended 
number of analysts used during the application of the 
method warrants it (i.e., such an assessment may not be 
necessary or applicable for small studies or when only 
a single analyst is involved). The use of different col-
umns should be evaluated only if the need for multiple 
columns is anticipated (e.g., analysis of large numbers 
of study samples and use of multiple chromatographic 
systems). If the use of different lots of critical reagents 
is expected in ligand binding assays (LBA) or hybrid 
LBA/LC–MS methods, then this variable may need 
to be tested. There was no consensus on the evalua-
tion of run size. Some suggested that only the larg-
est anticipated run size should be tested, while others 
believed that because variable run sizes were inevitable 
during method validation, any additional tests were 
not required. Still others believed it depended on how 
many study samples were anticipated during the use 
of the method. Finally, respondents were asked if any 
other variables should be evaluated. Many mentioned 
that there might be other method specific parameters 
that may need to be investigated, but that this was 
method dependent.

In conclusion, method robustness testing in bio-
analysis confirms that method performance will not be 
affected by variations in some parameters. The param-
eters to include in the testing should take into account 
the assay and the conditions expected during sample 
analysis and should be tiered based on the purpose of 
the method.

Best practices for supporting biosimilar studies 
using ligand binding methods
Regulatory agencies have provided guidance docu-
ments relevant to biosimilars, since these medicinal 
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products have been submitted with increasing fre-
quency [20,21]. However, despite these guidance docu-
ments, the relative infancy of these types of submissions 
has resulted in numerous, inconsistent approaches to 
meeting the recommendations requested by the agen-
cies for PK assays, immunogenicity assays and critical 
reagent characterization. In order to determine how the 
industry is applying these recommendations and guid-
ances, survey questions were sent to the GCC member 
companies. The first set of questions inquired after PK 
assays used to support biosimilar studies. The results for 
this type of assay indicate that the majority of respon-
dents use one assay to measure both the innovator and 
the biosimilar drugs. This is based on the assumption 
that both drugs are identical, which is often not the 
case. Therefore, care should be exercised to ensure that 
this is the best approach. Should two assays be needed, 
samples should be run with both assays and bridging 
assays are needed to be able to appropriately evaluate 
the results. Calibrators are typically prepared with the 
biosimilar; however, QC samples during both method 
validation and sample analysis are prepared with both 
the biosimilar and the innovator test articles. Method 
comparability is demonstrated by using back-calculated 
concentrations (interpolated from one curve) of one 
set of QCs against the other with acceptance criteria 
of ±20%. Differences in concentrations between bio-
similars and reference (innovator) products need to be 
investigated. It was noted in the discussions that cor-
rection factors may not be considered acceptable by the 
regulatory agencies.

Multiple lots of both reference and biosimilar drugs 
are typically evaluated during method development. 
Key reagent characterization, including purity, purifi-
cation method and formulation, is performed for both 
the biosimilar and the innovator; however, the bind-
ing characteristics of the capture/detection reagents to 
the biosimilar and reference product are not typically 
evaluated. Relative potency testing is performed only if 
there are differences between the protein determination 
methods.

Regarding immunogenicity assays, respondents 
were evenly divided on the use of one or two assays. 
For those who use one assay, respondents use the bio-
similar as the drug and use only one positive control. 
In the one assay format, evaluating the confirmatory 
cutpoint by using only the biosimilar is common prac-
tice for the majority of respondents. For those that use 
two assays, the acceptance criterion for proving bio-
similarity is results within 2–3-fold for sensitivity, cut-
point and drug tolerance. For neutralization assays for 
biosimilars, cell-based neutralizing antibody assays are 
typically selected although ligand binding assays can 
be used.

Status of method validation requirements in 
the preclinical space
The GCC membership was surveyed regarding the dif-
ferent approaches to bioanalytical method validation 
used under differing circumstances, and the confusion 
surrounding the use of the popular term ‘GLP valida-
tion.’ GLP regulations detail quality systems, controls 
and documentation and do not specifically address bio-
analytical method validation requirements. These are 
defined in guidance documents and regulations [16–20].

Therefore, initial survey questions attempted to 
determine how industry labeled GLP and GCP bio-
analytical work. The majority of respondents use the 
term ‘Regulated Bioanalysis,’ and less than a third dis-
tinguish between clinical and preclinical bioanalyti-
cal validation. It should be noted that approximately 
60% of respondents stated that they performed more 
than 75% clinical work. Of this group, less than 25% 
of the clinical work were bioequivalence (BE) studies. 
The attendees discussed at length whether GLP regula-
tions should be used to support clinical studies, even 
though they fall out of scope. There was no consensus, 
although the use of Good Clinical Laboratory Prac-
tices [22] was suggested as an alternative approach. This 
may be limited by individual regulatory authorities’ 
use of GCP inspections for laboratories supporting 
clinical trials, however.

For those that perform a variety of study types 
(clinical, preclinical, BE, non-BE), the majority stated 
that validation testing is not tiered based on the type 
of study. Further, regulatory audit experience seems 
to demonstrate that auditors tend to audit against 
full GLP compliance, not using a tiered framework, 
although they do also accept this latter approach.

The use of a tiered approach to method validation 
was evaluated via the survey. The responses indicate 
that there are two situations that favor its use: 1) ana-
lytical challenges preclude it; and 2) the end use of the 
data does not require full validation. Attendees noted 
that sponsors are generally hesitant to use methods that 
have not undergone full validation. When a tiered vali-
dation is used, there is no consistent language used to 
describe it, and a variety of terms are employed; for 
example, partial validation, qualification, exploratory 
method. Although no consensus was reached at the 
closed forum, attendees did desire that harmonized 
language for these types of methods should be agreed 
upon. The use of tiered validation for preclinical stud-
ies seemed to be favorably accepted, but was much less 
acceptable when used for clinical studies.

Several scenarios were proposed to identify when 
respondents believe that using a tiered validation would 
be appropriate. A tiered approach was supported by 
the majority of respondents for at least the secondary 
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study endpoint, if the situation warrants and regard-
less of human or animal species. One example would 
be if rare matrices were being assayed (e.g., tissues or 
cerebrospinal fluid). For common matrices, respon-
dents were more comfortable using a fully validated 
method. Other potential situations for using a tiered 
approach would be for biomarkers or minor, inactive 
metabolites.

Best practices for measuring endogenous 
biomarkers beyond prior GCC 
recommendations
Down-regulated biomarkers are endogenous substrates 
that, upon treatment, result in lower concentrations. 
Therefore, potentially very low concentrations are 
expected during the quantification of these analytes, 
causing a particular challenge when selecting a suitable 
assay matrix and subsequently trying to meet selectiv-
ity, recovery and bias requirements during method 
validation. In order to determine industry best prac-
tices for the quantification of endogenous biomarkers 
beyond those already recommended by the GCC [23], a 
survey was sent to both LBA and LC–MS bioanalysts 
asking what types of matrices are used in their assays.

LBA bioanalysts were evenly divided over the use of 
authentic matrix or buffer matrix to prepare standards 
when the endogenous level of the biomarker is below 
the LLOQ. Conversely, when the endogenous level is 
very high, buffer matrix was most commonly selected, 
with a still significant number of respondents elect-
ing to use a surrogate matrix (i.e., from another spe-
cies). It was specified that when anything other than 
authentic matrix is used, dilutional linearity and par-
allelism must be verified. For the preparation of vali-
dation QC samples when endogenous concentrations 
are low, bioanalysts overwhelmingly select authentic 
matrix, pooled matrix is preferred and then fortified 
with a commercially obtained recombinant biomarker 
or the high calibrator from the assay kit. When endog-
enous biomarker concentrations are high, the use of 
diluted authentic matrix was recommended, although 
there were differences on how the diluted matrix was 
prepared. These different methods included mixing 
various individual lots of authentic matrix to obtain 
the desired concentrations, diluting authentic matrix 
with buffer or diluting authentic matrix with depleted 
matrix. It was noted that respondents typically screen 
between 10 and 30 individual lots of matrix to find 
appropriate endogenous levels for their assays.

Different approaches are used by LC–MS bioana-
lysts. When endogenous biomarker concentrations 
are low, typically multiple lots of authentic matrix are 
screened and those with the lowest levels are selected 
and used for preparing standards. A significant number 

of respondents also use a surrogate matrix. Authentic 
matrix is then used to prepare validation QC samples. 
When very high endogenous biomarker concentra-
tions are expected, standards are prepared with surro-
gate matrix. Validation QC samples are prepared with 
authentic matrix for mid and high QCs, and diluted 
or surrogate matrix is used for low and LLOQ QCs. 
Some options for surrogate matrix include phosphate-
buffered saline; phosphate-buffered saline with bovine 
serum albumin or human serum albumin in order to 
take into account the protein content of authentic bio-
logical matrix and the increased solubility of hydropho-
bic compounds; synthetic matrices; or stripped matrix 
(note that carbon stripping may be variable from lot to 
lot, and affinity extraction is costly and time consum-
ing). However, the use of a surrogate matrix has some 
specific issues that must be investigated, such as analyte 
solubility differences in synthetic aqueous matrix, par-
tial insolubility or partial precipitation or adsorption 
of nonpolar analytes and analyte recovery differences 
in surrogate matrix. If authentic matrix is preferred, 
then it may be possible to use a surrogate analyte in the 
form of a stable isotope-labeled (SIL) analyte, assum-
ing that the properties of the authentic analyte and SIL 
analyte are the same and the mass difference between 
the two is sufficient such that the quantification will 
not be affected. The internal standard would then be 
a differently labeled compound or an analog of the 
analyte. If an SIL analyte is selected, then a correction 
factor must be applied by comparing the response fac-
tors of both the authentic and SIL analyte. The correc-
tion factor can be determined by preparing two curves 
each using surrogate and authentic matrices, determin-
ing the response factors and then taking the ratio. Of 
the two approaches presented above, that is, surrogate 
analyte/authentic matrix versus authentic analyte/sur-
rogate matrix, the comparison data using the former 
gave the best results. The effect of matrix variability 
should be investigated and stability must be done in 
the authentic matrix.

Whole blood stability & blood partitioning
The Bioanalytical Method Validation guidelines and 
regulations [16–20] recommend that analyte stability 
should be considered from the time of sample collec-
tion through all handling until analysis. As a response 
to this recommendation, to address stability during the 
sample collection procedure, the industry began per-
forming whole blood stability during method develop-
ment or validation. The European Bioanalysis Forum 
provided recommendations in 2011 [24], reporting 
that many bioanalysts agree that plasma stability is 
an acceptable surrogate for blood stability in approxi-
mately 95% of the cases, with the exception of mol-
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ecules containing certain functional groups such as 
N-oxides or hydroxamic acids. They recommended 
analyzing whole blood using a qualified assay. That 
same year, the GCC recommended assessing whole 
blood stability using a validated plasma method [7], 
wherein time 0 samples were drawn and immediately 
centrifuged to harvest the plasma and compared with 
stability samples which were left at testing conditions 
prior to harvesting the plasma. However, any parti-
tioning of the analyte into red blood cells, cell surface 
binding or platelet binding is not taken into account. 
One attendee recounted their experience of an FDA-
directed audit for a product submission. The goal of 
the audit appeared to be to understand how the com-
pound behaved in whole blood and hemolyzed plasma. 
However, when the question of whether there had been 
any regulatory feedback on the conduct of whole blood 
stability testing during routine audits was posed dur-
ing a survey, the majority of respondents indicated that 
there had been none. The limited feedback that had 
been received during audits seemed to indicate that the 
agencies were satisfied with the generally accepted test-
ing of harvested plasma after the blood had remained 
at ambient temperature for at least 2 h.

The survey attempted to determine the performance 
of the whole blood stability evaluation by bioanalysts 
following the earlier GCC recommendations [7]. The 
majority of respondents routinely conduct sample col-
lection stability testing, typically in support of regu-
lated studies (i.e., GCP or GLP studies). A significant 
number only perform this test for BE studies, and only 
a small number perform this test in support of discov-
ery studies. In general, respondents believe that con-
ducting stability testing in whole blood adds scientific 
value beyond what is learned through routine plasma 
testing. The evaluation is typically performed by pro-
cessing the blood sample to plasma prior to analysis 
and determining the relative concentration versus the 
control sample. Survey results were less conclusive 
when the respondents were asked if their test procedure 
allowed the analyte to reach partitioning equilibrium 
prior to conducting the experiment. The majority did 
allow for equilibration, and time 0 and test samples 
were kept at the same temperature. However, com-
ments indicated that in some cases, partitioning is 
only evaluated as needed if an issue is detected. It was 
proposed to use a radiolabeled analyte to definitively 
determine the partition coefficient in order to properly 
demonstrate whole blood stability, but this option was 
largely deemed unnecessary.

If testing results indicated that a significant percent-
age of the analyte partitions into the red blood cells, 
most respondents would consider redeveloping the 
method using whole blood as the matrix, although a 

significant percentage would not necessarily do so; it 
would be evaluated on a case-by-case basis, typically by 
the sponsor. Finally, if instability in whole blood is dem-
onstrated, there were a variety of opinions regarding the 
validation of the accompanying method. Many thought 
that the method could not be used in its current form. 
Others believed that the method could still be consid-
ered valid and used to support regulated studies while 
still others believed that it could only support nonregu-
lated studies. It was clear, however, that the impact of 
the instability needs to be assessed and documented, 
and the resulting actions to mitigate the impact must be 
clearly indicated. Some potential actions include adjust-
ing sample handling procedures to ensure stability by 
changing the temperature, shortening the processing 
time or using a stabilizer in the collection tubes.

In conclusion, the original recommendations pro-
vided by the GCC [7] were still supported and no new 
updates appear necessary.

Regulatory audit experiences
A discussion surrounding the regulatory experiences 
of attendees occurred, with a variety of findings being 
presented along with suggestions for compliance, when 
available.

• Test article characterization: the quality assurance 
(QA) unit failed to review the raw characterization 
data of the test article, and only assured that the 
certificate of analysis (provided by the sponsor) was 
available. Nor did the QA unit determine if the 
sponsor was compliant with the GLP regulations 
under 21 US Code of Federal Regulations 58. It 
is now unclear if there is an expectation that the 
CRO would need to perform an external audit to 
assure compliance. Attendees suggested consider-
ing including a compliance exception in the QA 
statement.

• Freeze–thaw stability: two findings were related 
to freeze–thaw stability. First, freeze-thaw stabil-
ity of incurred sample reanalysis (ISR) samples 
exceeded the validated number of freeze–thaw 
cycles. Attendees agreed that freeze–thaw of these 
samples is inherently supported by the acceptability 
of the ISR results and no additional validation test-
ing is required. Second, the thaw time during the 
evaluation was not representative of the time that 
study samples were thawed. It is suggested to thaw 
validation samples at least 2 h between cycles.

• Training SOPs: proficiency training on SOPs was 
not included in the training program. A process for 
proficiency training on SOPs is suggested.

the collectables_year in bioanalysis.indb   80 13/10/2017   11:02:43



www.future-science.com 81future science group

9th GCC Closed Forum   Conference Report

• Run interruptions: regulatory auditors cited that 
runs should not be interrupted for interim analysis 
of run acceptance, nor can assumptions be made 
regarding run acceptance prior to completion of the 
run. It is recommended to ensure that SOPs do not 
allow for interim analysis of run acceptance.

• Sponsor communication: regulatory auditors cited 
that correspondence and decisions for all events 
need to be documented and maintained within the 
study. It is suggested that SOPs outline the require-
ments for capturing, retaining and filing significant 
communications (including verbal ones) and corre-
spondence. Specifically, these should include signif-
icant decisions that impact or affect study conduct.

• Sample storage: the SOP was lacking in the descrip-
tion for quarantine procedures and allowed for the 
use of open access storage units for temporary stor-
age. It is suggested that SOPs outline the procedure 
for quarantining samples when they are received 
compromised. Additionally, the use of open access 
storage units is not recommended.

• Instrumentation SOPs: some instrumentation 
SOPs are not harmonized with user manual speci-
fications and recommendations. It is recommended 
to include references to user manuals in applicable 
SOPs.

• Freezer mapping: regulatory auditors cited that 
temperature mapping of all storage units must 
be conducted because the results of this mapping 
must then be used to determine proper temperature 
probe placement.

• Time stamping documentation: regulatory audi-
tors cited that time stamping is required on criti-
cal documentation to demonstrate that approvals 
of activities are conducted prior to their execution. 
It is suggested that critical forms be reformatted to 
include the requirement for recording the time of 
each dated signature.

Electronic laboratory notebooks & LIMS 
systems
The topic of electronic laboratory notebooks (ELNs) 
was revisited again at this closed forum after being dis-
cussed during the 7th GCC meeting [5]. At that time, 
the CRO community was divided on the use of ELNs. 
Most member companies were still using paper, and 
although users of these systems saw benefits to quality 
and documentation, cost and a variety of types of stud-
ies causing adaptability issues were seen as deterrents 
to implementation. In order to determine if there had 
been a change to this position after two more years of 

experience, a survey was sent to member companies. 
Results indicate that only a third of respondents use an 
ELN at this time.

Queries into additional electronic systems were 
also asked. Most GCC members do not use electronic 
archiving software, but elect to archive electronic data 
manually. Thermo Watson LIMSTM is used by a major-
ity of respondents, or a custom/in-house developed sys-
tem. If Watson is used, it is principally for routine anal-
ysis or method validation, automated reassay selection 
and sample tracking.

Future perspective
The GCC will continue to provide recommenda-
tions on hot topics of global interest in small and large 
molecule bioanalysis, biomarkers and immunogenic-
ity, and expand its membership by coordinating its 
activities with the regional and international meetings 
held by the pharmaceutical industry. Please contact 
the GCC [25] for the exact date and time of future 
meetings, and for all membership information.
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During January 2015, several offices within 
the Center for Drug Evaluation and Research 
(CDER) were re-organized to improve con-
sistency of decision-making, and to stream-
line policy, procedures and communications. 
Some Divisions were elevated to Office 
status because of the increased number of 
personnel resulting from the passage of the 
Generic Drug User Fee Amendments of 
2012 (GDUFA). The resources provided by 
the new user fees supported hiring more per-
sonnel to address the significantly increased 
workload and newly imposed timelines. The 
Division of Bioequivalence and GLP Com-
pliance (DBGLPC), responsible for CDER’s 
Bioavailablity/Bioequivalence (BA/BE) 
Inspection Program and the Good Labora-
tory Practice (GLP) Inspection Program, 
became the Office of Study Integrity and 
Surveillance (OSIS). Additionally, OSIS 
became the newest suboffice under CDER’s 
Office of Translational Sciences. Previ-
ously, this group was in the Office of Sci-
entific Investigations under CDER’s Office 
of Compliance. OSIS currently includes 
the Division of Generic Drug Bioequiva-
lence Evaluation conducting and reviewing 
work under the BA/BE Inspection Program, 
and the Division of New Drug Bioequiva-
lence Evaluation, which, in addition to the 
BA/BE program, also conducts and reviews 
inspections under the GLP Inspection Pro-
gram. Concurrent with the reorganization, 
OSIS began to implement a surveillance 

approach to inspections in conjunction with 
the application-based inspections, conducted 
previously.

This commentary provides an overview 
of changes in procedures within OSIS; it 
will also briefly discuss topics of interest 
that came up during the past year, includ-
ing assays related to therapeutic biologics and 
immunogenicity testing.

Procedural changes
Prior to January 2015, scientific reviewers in 
CDER’s Office of Generic Drugs or in the 
Office of Clinical Pharmacology usually 
determined the need for inspections dur-
ing their reviews of studies supporting drug 
applications submitted to the Center. If an 
inspection was deemed necessary, a written 
consult requesting an inspection was gener-
ated by the review division and submitted to 
DBGLPC. DBGLPC prepared assignment 
memoranda for inspections of the clinical 
components of BA/BE studies and sent them 
to the Office of Regulatory Affairs (ORA) 
to conduct the inspections. The memoranda 
provided the background information for 
the inspection. If the inspection request was 
for the analytical component of a BE study, 
the same procedure was followed; however, 
analytical inspections included participation 
by DBGLPC staff to provide any necessary 
scientific expertise.

Beginning in January 2015, the new office 
(OSIS) began implementing a surveillance 
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approach to inspections. Surveillance is conducted 
contemporaneously with study-directed or applica-
tion-based inspections, requested by the review divi-
sions. As a result, OSIS is now responsible for selecting 
sites for routine inspections of clinical and bioanalyti-
cal sites that conduct studies for submitted applica-
tions. Currently, project management and members of 
the Collaboration, Risk-Evaluation and Surveillance 
Team (CREST) within OSIS evaluate sites in incom-
ing applications to determine the need for inspections 
based on site history and other factors. The objective 
is to optimize resources and streamline procedures 
commensurate with CDER’s significant increase of 
obligations under GDUFA.

Under surveillance inspections, greater emphasis 
is placed on collecting information about overall site 
performance. Inspectors document the knowledge and 
experience of personnel, site procedures, commitment 
to good scientific principles and adherence to regula-
tions. Inspection procedures include evaluating rel-
evant studies, in addition to data audits and thorough 
review of individual studies. The information collected 
about the site plays a significant role in determining the 
timing and frequency of future inspections.

In addition to the organizational changes during 
2015, OSIS conducted several inspections in support 
of therapeutic biologics applications to CDER, includ-
ing studies supporting biosimilars. Inspection and 
evaluation of immunogenicity studies presented a new 
set of challenges. This was reflected by the difficulties 
some sponsors experienced while conducting regu-
lated studies. As a result, CDER identified some stud-
ies requiring extensive review and the potential need 
for significant modification. This topic is discussed in 
greater detail further in this article. Topics related to 
analytical methods of small molecules were also exam-
ined within the office, when inspections encountered 
multiple approaches to similar types of testing. Two 
examples, extract stability and the inclusion of qual-
ity control samples in extraction batches, are described 
further in the following sections.

Processed sample (extract) stability
Testing conducted on samples postextraction (other 
than concentrations) can serve different objectives or 
address different concerns. Examples include: when a 
run is interrupted due to instrument failure or other 
reasons; when a run is stored in the autosampler for 
a period of time prior to injection; when processed 

samples are stored at room temperature or in the 
refrigerator; stability of samples at the beginning of a 
run compared with those at the end of the run; and 
finally, reinjection reproducibility where a whole run 
may be injected twice and variability in the results is 
determined. Different terminology has been ascribed 
to the testing listed above [1,2]. For example, the US 
FDA’s Guidance for Industry: Bioanalytical Method 
Validation, published in 2001 refers to testing con-
ducted postextraction as postpreparative stability [3]. 
Others have used terms such as processed sample sta-
bility, extract stability, autosampler stability and pro-
cessed sample integrity. This has led to some confu-
sion in industry, especially because some testing may 
require the use of freshly prepared standard curves or 
calibrators (e.g., storing extracted samples for a period 
of time), and some do not (e.g., re-injection reproduc-
ibility). In addition to the experience we have gained 
through inspections, OSIS staff has participated in 
efforts to identify the various approaches for testing 
processed samples in an effort to determine best prac-
tices, and provide better recommendations. Efforts in 
this regard are ongoing.

Several factors should be considered when conduct-
ing stability testing on extracted samples. As described 
in the 2009 White Paper on Recent Issues in Regu-
lated Bioanalysis from the 3rd Calibration and Valida-
tion Group Workshop, there is always the possibility 
of similar degradation between the internal standard 
and the analyte of interest [1]. Simply reinjecting sam-
ples after storage could provide misleading results. For 
example, the ratio between the internal standard and 
the analyte may be the same, although significant deg-
radation may have taken place. To address this con-
cern, freshly prepared calibrators may be used. Another 
approach, which may be used when samples are left in 
the autosampler for a period of time, involves injection 
of a run the first time, waiting for a given number of 
hours, injecting the samples a second time, then deter-
mining concentration based on the results from the 
calibrators in the first run. As such, stability concerns 
would be detected without the need for using freshly 
prepared calibrators. Other factors to consider include 
evaporation and possible chemical reactions resulting 
from prolonged exposure to air (oxygen). This may 
occur after sample vial membranes are punctured by 
the sampling needle following the first injection of 
the run. Excessive evaporation can be expected when 
the reconstitution solution has a large component of 
organic solvent(s).

Acceptance of processed batches
Next we consider the topic of run acceptance in cases 
of runs comprising two or more individually (sepa-

“Beginning in January 2015, the new office 
(OSIS) began implementing a surveillance 

approach to inspections.”
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rately) processed (extracted) batches. The European 
Medicines Agency (EMA) Guideline on bioanalytical 
method validation recommends the following: “In case 
a whole run comprises more batches, acceptance crite-
ria should be applied to the whole run and to the indi-
vidual batches. The run can be acceptable, although 
a batch might have to be rejected, as criteria were not 
met” [4]. As such, QCs at three different concentra-
tions (low, medium and high) are to be included in 
each batch. This is consistent with FDA’s position. 
Practical or technical limitations notwithstanding, 
FDA currently recommends the inclusion of low, 
medium and high QCs in duplicates in individually 
processed batches. If singlet QCs are utilized at the 
three concentrations, then failure of any of the QCs 
within the batch could cast doubt on the accuracy of 
the unknowns within that batch, even if the run as a 
whole passes. Then, the batch may need to be repeated. 
This will be determined on a case-by-case basis.

Biologics & biosimilars
In 2015, review and evaluation of a large number of 
biologics applications, including those supporting bio-
similars, revealed specific areas of scientific concern 
within immunogenicity studies. The following sec-
tions highlight some of the critical observations OSIS 
has made over the past year while inspecting antidrug 
antibody (ADA) and neutralizing antibody (NAb) 
assays in support of immunogenicity assessments for 
therapeutic proteins.

Selection of a relevant low positive control 
antibody
Selection of a positive control antibody for use in 
ADA/immunogenicity testing can be challenging. 
Available affinity-purified antibodies are not necessar-
ily representative of antibodies produced in response to 
a therapeutic protein, and results obtained are poten-
tially the ‘best case scenario.’ Thus, it is important that 
assay values of selected positive control concentrations 
are representative of antibody levels present in study 
samples. This is especially critical for the low positive 
control (LPC); the LPC should adequately monitor 
performance of the ADA screening assay at response 
levels surrounding the screening assay cut point. The 
language in the FDA draft guidance, “Assay Develop-
ment for Immunogenicity Testing of Therapeutic Pro-
teins” [5] is that the selected LPC concentration should 
result in an assay rejection rate of 1% (i.e., the LPC 
assay signal should fall below the cut point 1% of the 
time).

During recent inspections of biologics applica-
tions with immunogenicity testing, we have observed 
instances of selected LPC concentrations that yield an 

assay response significantly higher than the screening 
cut point; in some studies the LPC assay response has 
been up to tenfold greater. Conversely, study sample 
assay response values have been very close to the screen-
ing assay cut point, and therefore significantly less than 
the LPC response. Using an LPC concentration with a 
high signal response compared with the cut point pre-
vents adequate monitoring of assay performance and 
precision of assay values around the cut point. Conse-
quently, the precision of study sample assay values that 
fall in the low range of the assay cannot be confirmed, 
and there is little confidence in the ability of the assay 
to distinguish potentially ADA-positive versus poten-
tially ADA-negative samples in the screening assay. 
Relevance of the LPC is also an important consider-
ation in the confirmatory assay. If the assay signal of 
the LPC is significantly higher than the screening cut 
point, consistent signal inhibition in the confirmatory 
assay does not accurately reflect potential study sam-
ples with a signal response in the low range of the assay. 
Thus, demonstration of consistent assay signal inhibi-
tion (above the confirmatory cut point) at an LPC con-
centration yielding assay values close to the screening 
cut point is critical to show the ability of the assay to 
positively detect ADAs in all study samples.

Reproducibility between Tier 1 & Tier 2 assays
During inspection of studies, we have observed study 
samples that screen positive in the Tier 1 assay, but 
do not ‘screen positive’ in the Tier 2 assay (i.e., the 
unspiked study samples within a confirmatory assay 
have assay response values below the screening cut 
point). The result of this scenario is a degree of uncer-
tainty in the reliability of the assay: if study samples 
screen positive in Tier 1 and negative in Tier 2, there 
is a distinct possibility that the converse scenario could 
occur (i.e., study samples that screened negative in Tier 
1 could test positive in Tier 2). Thus, in these stud-
ies, the assay appears to have significant reproducibil-
ity concerns, and potentially positive samples may be 
missed in the initial screening (Tier 1) assay.

In addition, this scenario poses a question of how to 
handle samples that screen positive in Tier 1, ‘screen’ 
negative in Tier 2 and confirm positive in Tier 2. We 
have seen examples of such samples reported as posi-
tive, placing confidence in the highly specific confir-
matory assay. However, there are also examples of such 
samples reported as negative; justification for reporting 
the sample as negative was based on the fact that a sam-
ple which screened negative in the confirmatory assay 
cannot be confirmed positive, thus placing greater 
confidence in the screening assay.

These inconsistencies present several questions that 
should be discussed and addressed within the immu-
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nogenicity testing community: should there be an 
expectation for reproducibility of unspiked study sam-
ples in ADA assays as an indicator of a reliable assay? 
Should there be a consensus among firms in how these 
data are reported? If yes, does scientific rationale favor 
the confirmatory assay or the screening assay? Should 
such study results trigger repeat analysis? And, is there 
an underlying cause of assay nonreproducibility that 
should be considered?

Interference in cell-based neutralizing antibody 
assays
Using a cell-based assay format to determine presence 
of neutralizing antibodies in study samples is highly 
desirable because of the functional relevance of the 
assay. However, cell-based assays also add additional 
layers of complexity and variability that must be 
addressed during method validation. One such addi-
tional layer is interference from endogenous molecules 
(e.g., cytokines) present in control serum samples and 
serum from study samples. Assessment of potential 
interference from these molecules is critical to ensuring 
reliability of the assay, and prevention of false positive 
or negative results.

In assessing the potential for interference in a NAb 
assay, choice of cell type is highly important. The abil-
ity of a cell to respond to both the therapeutic protein 
of choice (e.g., erythropoietin), and to other potential 
stimulating molecules, should factor into the decision 
of which cells are best suited for a NAb assay. If the cell 
line chosen for the assay responds to multiple stimuli, 
the specific concentration level at which interference 
in the assay will be present should be determined for 
each molecule. This knowledge should subsequently be 
applied when testing the study samples. Assessing the 
level of potentially interfering endogenous molecules is 
critical in all study samples, for example, via an ELISA 
assay. This is particularly true in patient populations 
where levels of these molecules can be elevated due to 

a specific disease. If levels of interfering molecules can-
not be assessed, an alternative method should be used 
to determine whether study samples contain molecules 
that could potentially stimulate cells in the absence of 
study drug. Finally, if endogenous molecules are pres-
ent in specific study samples at concentration levels 
that will interfere with the assay, a method to negate 
this interference should be assessed and validated. 
For example, high levels of endogenous cytokines can 
often be removed using monoclonal antibody depletion 
protocols prior to study sample analysis in the NAb 
assay.

Conclusion
The topics of discussion presented herein represent a 
small subset of the processes, methodology and scien-
tific rationale that are critical to traditional BE studies, 
and to bioanalysis of biologics and biosimilars. Fur-
ther information on these and other topics is available 
in the manuscripts and guidances referenced in this 
commentary.

Disclaimer
The views expressed in this article do not necessarily represent 

the official views or policies of the US FDA.
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Roundtable discussions: Issues facing the Bioanalytical Community & The Changing World 
of Bioanalysis 

In April 2016, Bioanalysis Zone and Bioanalysis organized an independent Roundtable Discussion at 
Hilton Orlando Lake Buena Vista, Orlando, Florida, USA, in which bioanalytical experts from Pharma  
and CROs were brought together to discuss topical issues faced by the quantitative bioanalytical 
community.

Chaired by Neil Spooner (Senior Editor, Bioanalysis), the discussion focused on three key areas.

In part 1 of this panel discussion, a panel of leading CRO and Pharma Directors assess the current 
situation of outsourcing in bioanalysis, and discuss the direction of outsourcing of regulated bioanalysis 
in the future. 

Discussions included:

• Outsourcing strategies

• Drivers and business models in outsourcing

• Scientific exchange and interactions between CROs and Pharmas

• Sharing and discussing data between CROs and Pharmas

• Cost–effectiveness of outsourcing

In part 2 of this panel discussion, the panelists discuss the divide between investments being made by 
Pharmas and CROs in new bioanalytical techniques and technologies. Discussions included:

• Investments made by Pharmas and CROs for new constructs

• Is there a real divide between CRO and Pharma?

• If so, why is this occurring?

• What are the gaps?

• What are the solutions?

In part 3 of the panel discussion, the panelists discuss the growing skills gap in bioanalytical laboratories. 
Discussions included:

• Reality of the skills gap

• In which technical areas is the skills gap most apparent?

• Where does the skills gap occur – Pharmas and/or CROs?

• How do we bridge the gap?

You can view the full Round Table Discussion Report published in Bioanalysis online (Spooner N, Cape 
S, Hayes R et al. Issues Facing the Bioanalytical Community – Summary of Roundtable Discussions. 
Bioanalysis 8[21], 2189–2193 [2016]).

You can also view highlights from the Bioanalysis Zone Roundtable Discussion in the accompanying 
supplement online. 
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In November 2016 Bioanalysis Zone and Bioanalysis organized an independent Roundtable Discussion 
at the Hesperia Tower Hotel and Conference Center, Barcelona, Spain, in which bioanalytical experts 
from Pharmas and CROs were brought together to discuss topical issues in the Changing World of 
Bioanalysis. 

Chaired by Neil Spooner (Senior Editor, Bioanalysis), the discussion focused on three key areas. 

Part 1: How do we access the required skills?

• Decreasing the current skills gap evident in most bioanalytical labs, particularly in the younger generation of 
bioanalysts

• Collaborations between industry and academia to produce a newer generation of bioanalysts that are better 
able to deal with more challenging bioanalytical problems 

• Training both new and existing staff to deal with more challenging bioanalytical problems (more challenging 
molecules and newer constructs) and cross-training staff within organisations

• The changing nature of the CRO–Pharma relationship

Part 2: What will the future bioanalytical laboratory look like and what skills will this require?

• The need for bioanalysts to acquire more biological skills in order to understand a newer generation of 
complex molecules 

• Convergence of different units of companies and merging of skills 

• The role of automation in the bioanalytical lab of the future

Part 3: How do we embed science in the Pharma–CRO partnership?

• There is a need for more scientific interactions between CRO and Pharma, the model of which will vary based 
on client needs and the nature of molecules being studied.     

• Scientific dialogues should be increased between scientists from both CRO and Pharma, and outsourcing 
managers, to provide a more comprehensive idea of requirements from both sides.

• The transfer of knowledge on science and technology between Pharma and CRO (and Biotech) should 
continue, potentially through dedicated roles within the organizations and appropriate training. 

• Working across teams, such as CRO scientists working with internal project teams at Pharma, could also aid 
the process and which has already begun in the industry.

The full Roundtable Discussion Report and videos of the discussions that took place are available on 
Bioanalysis and Bioanalysis Zone.  
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New Investigator Award

Over the past 7 years, Bioanalysis Zone is proud to promote and recognize the work of highly talented 
early-career researchers. With the support of our sponsor Waters Corporation we are honored to offer 
nominees and winners of our annual New Investigator Award a springboard to help establish themselves 
in the exciting world of bioanalysis.

Panagiotis A Vorkas was named the winner of the 2016 New Investigator Award. He was nominated by 
Prof Elaine Holmes, his supervisor at Imperial College London (UK) in honor for his work in developing 
a metabolic profiling workflow utilizing two untargeted UPLC–MS methods which, when combined, 
expanded metabolome coverage. The rigorous optimization of these methods and implementation of 
new and much needed concepts in quality control, suggestions in post-acquisition artefact exclusion, 
structural assignment of a wide range of metabolites and development of an experimental set-up to 
achieve this resulted in several key publications. Application of the developed pipeline in different 
manifestations of cardiovascular disease, demonstrated its superior ability to expand metabolite coverage 
and most importantly their efficiency – as untargeted methods – to detect previously unreported but 
biologically important molecules and elucidate dysregulated pathways in disease.

“I am deeply honored to receive this year’s Bioanalysis Zone  
New Investigator Award. I see this award as a huge encouragement  

in my career to continue contributing to advancements in  
bioanalysis. I am confident that the award will enhance my career  

prospects and hope to enjoy the professional success of  
past recipients.”

Panagiotis A Vorkas “It’s been delightful running this year’s  
award. As ever, the NIA has gone from strength to  

strength each year attracting a number of hugely talented  
bioanalysts working on a variety of projects spanning a  

wide range of present day bioanalytical challenges…I would  
like to congratulate Panagiotis Vorkas and to all this year’s  

nominees for their hard work and contribution  
to the bioanalytical field.”

Ayan Ali, Digital Editor for Bioanalysis Zone (2016)

 “I am a great believer in encouraging the development of the new and  
exciting talent we need to face the bioanalytical challenges of the  
future and for them to bring forwards the novel approaches and  

ideas that will be the lifeblood of our discipline in the  
years to come.”

Dr. Neil Spooner (Spooner Bioanalytical Solutions)

“We are a company that, above all, values the quality of science. To be true to our 
reputation, we should be supporting others who share similar ideals. We have excellent 

scientists who work at Waters…It’s our responsibility to support others and their research, 
whose work we care about and believe in. Waters plays an important role in advancing 

science. We primarily do this through technological innovation, but we also champion the 
scientists – new and experienced –  

who are moving scientific research forward.” 

Dr. Erin Chambers, Director in the Scientific Operations  
group (Waters Corporation)
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The bioanalysis community has been using 
LC–MS-based approaches for quantify-
ing small molecule drugs and biomarkers 
extracted from plasma for at least a couple 
of decades. During this time LC–MS/MS 
technology has improved significantly, espe-
cially the sensitivity of triple quadrupole 
instruments. Over the past decade, these 
instruments have become sufficiently sensi-
tive to detect and quantify larger analytes 
like peptides and small proteins once they 
have been extracted from complex matrices. 
However, these analytes are significantly 
more challenging to work with than small 
molecules, and the achievable sensitivity 
using LC–MS/MS instrumentation is hin-
dered by the same mechanism that enables 
these higher molecular weight analytes to 
be detected by bench top instruments in the 
first place. This hindrance is the acquisition 
of multiple number of charges in the electro-
spray source – for example, a hypothetical 
3500 kDa peptide with a single charge (m/z 
3501) will not be visible using any of the 
commercially available triple quadrupoles. 
However, the addition of two more positive 
charges to the peptide generates an m/z of 
1167.7, which is within the m/z range of all 
commercial instruments. The acquisition of 
charges in the electrospray source is not a 
well-controlled process, and the hypothetical 
peptide would likely be present with m/z val-
ues of 1751, 1167.7, 876 and 701 correspond-
ing to the 2, 3, 4 and 5+ charged molecules, 

respectively. The ultimate number of charges 
any given peptide can obtain is usually driven 
by the number of chargeable groups, which is 
determined by the peptides primary amino 
acid structure, and in some cases by its sec-
ondary structure. The acquisition of multiple 
charge states splits the available ion current 
for the peptide into parts, and although these 
data are useful for characterization purposes, 
splitting ion current is severely detrimental 
for quantitative analysis. Most SRM-based 
analyses select only a single precursor-prod-
uct transition due to the need to perform the 
same analysis for an internal standard, and 
also to have a short duty cycle so that the pep-
tide peak has sufficient data points for inte-
gration purposes. The process of selecting a 
single precursor out of the multitude means 
that the analyst is immediately disposing of 
a significant amount of signal from the pep-
tide. It is possible to monitor multiple tran-
sitions from the same peptide and sum the 
data, however, the increase in signal is often 
accompanied by a larger increase in back-
ground noise, negating any benefits. This 
sacrifice of sensitivity is the main downside 
of using LC–MS/MS platforms for peptide 
bioanalysis.

Discussions have taken place at many bio-
analytical conferences on approaches to mod-
ify the precursor spectrum of large peptides 
to reduce the number of charge states, how-
ever no overall strategy has been presented. 
However, there were in fact articles in the 

A current perspective of supercharging 
reagents and peptide bioanalysis

Richard G Kay
Author for correspondence:  

LGC Limited, Newmarket Road, Fordham, 

Cambridgeshire, CB7 5WW, UK 

richard.kay@lgcgroup.com

James Howard
LGC Limited, Newmarket Road, Fordham, 

Cambridgeshire, CB7 5WW, UK

Sara Stensson 

Ferring Pharmaceuticals A/S, Kay Fiskers 

Plads 11, Copenhagen, DK-2300, 

Denmark

Large Molecule

the collectables_year in bioanalysis.indb   95 13/10/2017   11:02:50



Bioanalysis (2016) 8(3)95 future science group

Commentary    Kay, Howard & Stensson

S
m

al
l p

ep
ti

d
e 

(1
.1

 k
D

a)

L
ar

g
e 

29
 a

a 
p

ep
ti

d
e 

(g
lu

ca
g

o
n

)

L
ar

g
e 

31
 a

a 
p

ep
ti

d
e 

w
it

h
 m

o
d

if
ic

at
io

n
s 

(l
ir

ag
lu

ti
d

e)

3+
94

7.
8

93
8.

7

75
0.

9

62
5.

8

53
6.

7

46
2.

0

4+

5+

6+

7+

3+

4+
93

8.
7

+
Q

1:
 1

.3
83

 to
 1

.4
26

 m
in

 fr
om

 S
am

pl
e 

1 
(0

.1
%

 F
A

 (
95

:5
)-

 1
8-

28
 1

00
0 

ng
/m

L 
gl

uc
ag

on
) 

of
 2

7A
pr

14
F

S
-0

09
.w

iff
 (

T
ur

bo
 S

pr
ay

)
M

ax
. 3

.1
e6

 c
ps

M
ax

. 1
.0

e7
 c

ps
M

ax
. 1

.0
e7

 c
ps

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

85
0

90
0

95
0

10
00

10
50

11
00

11
50

12
00

12
50

m
/z

 (
D

a)

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

75
1.

1
75

8.
7

84
1.

4

89
2.

1 93
4.

0
94

6.
4

96
4.

9
11

28
.2

11
88

.8
12

07
.8

12
44

.9

80
0

85
0

90
0

95
0

10
00

10
50

11
00

11
50

12
00

12
50

m
/z

 (
D

a)

0.
0

2.
0e

5

0.
00

1.
00

e6

2.
00

e6

3.
00

e6

4.
00

e6

5.
00

e6

6.
00

e6

7.
00

e6

8.
00

e6

9.
00

e6

1.
00

e7

Intensity (cps)

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

85
0

90
0

95
0

10
00

10
50

11
00

11
50

12
00

12
50

m
/z

 (
D

a)

0.
00

1.
00

e6

2.
00

e6

3.
00

e6

4.
00

e6

5.
00

e6

6.
00

e6

7.
00

e6

8.
00

e6

9.
00

e6

1.
00

e7

Intensity (cps)

Intensity (cps)

Intensity (cps)

4.
0e

5

6.
0e

5

8.
0e

5

1.
0e

6

1.
2e

6

1.
4e

6

1.
6e

6

1.
8e

6

2.
0e

6

2.
2e

6

2.
4e

6

2.
6e

6

2.
8e

6

3.
0e

6
3.

1e
6

87
1.

6 4+
5+

3+
7+

6+
5+

4+

69
7.

3

58
7.

8
70

5.
0

69
8.

5
87

7.
3

51
3.

3
11

61
.7

48
5.

2
41

0.
9

59
0.

5
44

6.
3

89
4.

7
50

1.
9

53
0.

3
46

6.
4

94
0.

3
81

3.
5

78
0.

5
71

5.
6

63
7.

5
11

22
.2

84
1.

7
99

1.
4

67
3.

6
10

02
.7

61
8.

8
57

4.
8

11
68

.9
73

9.
6

10
40

.4
11

79
.4

+
Q

1:
 1

.3
26

 to
 1

.3
62

 m
in

 fr
om

 S
am

pl
e 

1 
(0

.1
%

 F
A

 0
.1

%
M

N
B

A
  (

95
:5

)-
18

-2
8 

10
00

 n
g/

m
L 

gl
uc

ag
on

) 
of

 2
7A

pr
14

F
S

-0
08

.w
iff

 (
T

ur
bo

 S
pr

ay
)

+
Q

3:
2.

07
2 

m
in

 fr
om

 S
am

pl
e 

2 
(1

50
51

1 
LI

R
A

 m
N

B
A

)o
f 1

50
51

10
7.

w
iff

 (
T

ur
bo

 S
pr

ay
)

+
Q

3:
2.

02
9 

m
in

 fr
om

 S
am

pl
e 

2 
(1

50
51

1 
LI

R
A

 n
o 

m
N

B
A

)o
f 1

50
51

10
3.

w
iff

 (
T

ur
bo

 S
pr

ay
)

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

85
0

90
0

95
0

10
00

10
50

11
00

11
50

12
00

12
50

m
/z

 (
D

a)

0.
0

5.
0e

5

1.
0e

6

1.
5e

6

2.
0e

6

2.
5e

6

3.
0e

6

3.
5e

6

4.
0e

6

4.
5e

6

5.
0e

6

5.
5e

6

6.
0e

6

58
1.

2

69
7.

3

87
1.

6

44
6.

3

59
0.

4
50

3.
9

49
8.

6

70
8.

1
88

5.
3

65
0.

8
41

0.
3

57
4.

0
48

9.
8

59
6.

5
55

8.
9

70
2.

7
47

6.
2

78
0.

7
89

4.
1

94
0.

2
65

8.
0

88
4.

2
73

9.
8

81
3.

3
41

6.
2

82
0.

9
49

5.
8

55
6.

6
99

1.
5

94
7.

8
64

1.
5

68
4.

9
11

79
.2

10
02

.6
46

8.
4

52
5.

9
11

61
.6

10
41

.0
79

3.
1

11
24

.5

M
ax

. 6
.2

e6
 c

ps

10
0 % 0

45
9.

0

57
7.

0
67

4.
0

64
6.

7

69
1.

0

71
9.

0
74

0.
8

80
4.

5
90

3.
3

94
4.

1
97

2.
1

97
5.

3

53
7.

0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

10
87

.3

10
85

.2

10
70

.2

10
69

.2

10
45

.2

10
67

.2

+
 m

-N
B

A
N

o 
m

-N
B

A

M
S

2 
E

S
+

5.
57

e6

M
S

2 
E

S
+

7.
79

e6

m
/z

10
0 % 0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

10
71

.2

10
69

.2

10
67

.2

10
48

.2

10
47

.2

10
45

.2

97
4.

2

97
2.

1
94

4.
1

86
4.

3
80

4.
2

75
7.

3
71

9.
0

69
1.

0
67

4.
0

62
5.

2
58

1.
2

53
7.

0

46
7.

1

m
/z

+
 m

-N
B

A
N

o 
m

-N
B

A

+
 m

-N
B

A
N

o 
m

-N
B

A

the collectables_year in bioanalysis.indb   96 13/10/2017   11:02:50



www.future-science.com 96

Figure 1. Charge state envelopes of three peptides with and without the presence of m-NBA (see facing page). 
(A) A small peptide. (B) Glucagon, a 29 aa peptide. (C) Liraglutide, a 31 aa palmitolyated peptide.
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literature discussing a group of mobile phase modifiers 
which could be added to increase the charge states of 
compounds used in normal LC–MS conditions. The 
earliest manuscript discussing the use of these com-
pounds was in fact back in 2000, where Lavarone et al. 
discussed the effect of ethylene glycol and 2-methoxy-
ethanol on cytochrome C and myoglobin [1]. The 
same group published further work in 2001, where 
they demonstrated the supercharging of cytochrome 
C using glycerol and m-nitrobenzyl alcohol (m-NBA), 
and showed that the later was a more effective ‘super-
charger’ at lower concentrations [2]. Another group [3] 
looked at the potential use of m-NBA, dimethyl sul-
phoxide (DMSO), and sulpholane and how they 
effected the charge state of cytochrome C and other 
small proteins. These groups discussed the use of super-
chargers mainly for increasing charge states on pro-
teins, however did not mention the potential for quan-
titation. There is currently a single manuscript in the 
literature discussing the use of superchargers (m-NBA) 
to improve sensitivity for peptide LC–MS/MS analy-
ses, where Halquist et al. used m-NBA to influence 
the charge states of the gut peptide Oxytomodulin [4] 
and its effect on sensitivity. The application of these 
superchargers has somehow escaped the majority of the 
bioanalytical community, and therefore their potential 
benefits for large and small molecules have gone amiss. 
This commentary discusses the application of super-
chargers, in-particular m-NBA, and how they might 
affect peptide LC–MS/MS analyses for both large and 
small peptides.

What are superchargers & how do they 
work?
Lavarone and Williams hypothesized that supercharg-
ers increase the surface tension of the droplets in the 
electrospray source, which in turn increases the Ray-
leigh limit, decreasing the radius of the droplet prior to 
coulombic explosion [5]. This decreased droplet volume 
would result in a concomitant increase in charge den-
sity, potentially ensuring that readily chargeable groups 
are in fact charged. This would therefore increase the 
intensity of the more highly charged species in the MS, 
and reduce the relative intensity of lower charge states. 
The initial work by Lavarone et al. on superchargers 
described the use of ethylene glycol and 2-methoxyeth-
anol [1]. They later assessed glycerol as a supercharger 
however they found that m-NBA was more effective 
at lower concentrations and was also an MS friendly 
reagent [2]. Other supercharging solvent modifiers have 
been investigated, where Lomeli et al. tested a num-

ber of compounds structurally similar to m-NBA, 
some of which gave similar or improved supercharg-
ing characteristics for myoglobin at a lower overall 
concentration [6].

The effect of superchargers on intact 
peptide spectra
The effect of superchargers on the precursor spectrum 
of peptides has been assessed on a number of peptides 
to date, and in every case, significant changes to the 
peptide spectra have been detected, especially with 
larger peptides where higher numbers of charges have 
been observed when supercharges have been used. 
Example spectra from a small peptide (1.1 kDa), gluca-
gon (a 29 amino acid, 3.5 kDa peptide) and liraglutide 
(a 31 amino acid, 3.8 kDa peptide with a palmitoyl 
modification) are included in Figure 1.

The data presented in Figure 1 show that m-NBA 
had significant effects on the charge state envelope 
of the two larger peptides. For glucagon, the addi-
tion of m-NBA dramatically reduced the level of the 
4+ charge state, and completely abolished evidence of 
the 3+, however it results in the previously absent 6+ 
charge state being the most intense peak. For liraglu-
tide, the change in the precursor spectrum is the most 
significant shift we have seen yet, where the 4+ charge 
state was heavily dominant in normal conditions, but 
with m-NBA present, 5, 6 and 7+ charge states appear 
at significant levels. This could suggest that liraglu-
tide (a GLP-I analog with a palmitoyl side chain) has 
poor ionization efficiency in normal LC–MS/MS 
conditions. The peptide elutes at high organic solvent 
conditions (for a peptide) in the region of 45% ACN, 
therefore the low efficiency is not due to a low con-
centration of organic solvent. This suggests that the 
palmitoylation is reducing the ability of the peptide to 
acquire significant numbers of charges, limiting it to 
three or four charges. The addition of m-NBA enables 
the peptide to acquire significantly higher numbers of 
charge states, and therefore suggests that its addition 
changes the ionization process sufficiently to overcome 
the dampening effect of the palmitoylation.

The effect of m-NBA on the small peptide is slightly 
different than for the other larger peptides, as no obvi-
ous change in charge state distribution can be seen in 
the presence of m-NBA. However, the addition of m-
NBA gave a twofold increase in intensity as the abun-
dance of the sodium adduct ion (m/z 1067.2) and the 
potassium ion adduct (m/z 1083.2) was significantly 
reduced, and the production of the proton adduct ion 
was favored.
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Superchargers & their application to peptide 
quantitation
Small peptide bioanalysis
Small endogenous peptides, such as vasopressin and 
oxytocin, are very potent and therefore need to be quan-
tified at low pg/ml levels, thus there is always an inter-
est to find ways to obtain more sensitivity for such pep-
tides. Even though the benefits of using superchargers 
to increase sensitivity on smaller peptides is less obvious, 
their utility was assessed, as it would be a very simple 
way to obtain more sensitivity.

As is displayed in Figure 1, the change in charge state 
distribution after addition of m-NBA was completely dif-
ferent for the small peptide compared with the larger pep-
tides. And when quantifying the singly charged peptide 
in the presence of 0.05% m-NBA, it increased the peptide 
peak area response by approximately 50%. However, the 
background noise was also elevated with the addition of 
m-NBA, so the benefit in signal-to-noise was less pro-
nounced. Despite achieving similar S/N ratios, the intra-
assay precision and accuracy results (at four concentration 
levels) with and without supercharger indicated a gain in 
precision after the addition of the m-NBA, especially at 
the LLQ level (5.00 pg/ml). The value of the precision 
was 6 and 13%, respectively. This suggests that the m-
NBA improved the robustness of the ionization of the 
peptide at the LLOQ, despite the similar S/N value.

Large peptide bioanalysis
The potential benefit of using superchargers for large 
peptide quantitation is clear, as the reduction in the 
number of charge states for a large peptide could increase 
the proportion of the total peptide ion current that is 
being monitored by the SRM method. This has been 
demonstrated in buffer standards, however this does 
not always translate into sensitivity gains when analyz-
ing extracted plasma samples. This is believed to be due 
to the superchargers increasing the signal of background 
noise as well as peptide. This was observed in the analy-
sis of endogenous glucagon levels using LC–MS/MS, 
where an existing formic acid mobile phase approach [7] 
was equivalent in terms of sensitivity to the m-NBA 
approach, however, the background noise associated 
with the m-NBA analysis was increased, resulting in a 
decrease in the overall S/N ratio. For this reason, the 
use of m-NBA for glucagon analysis was not progressed.

To date, LGC have taken one large peptide (∼4 kDa 
in size) through a regulated validation and sample 
analysis using m-NBA as a mobile phase modifier. The 
m-NBA was required to improve the sensitivity of the 
method so that a challenging LLOQ could be reached. 
The SRM method for the supercharged peptide used a 
higher charge state than the normal analysis approach, 
which gave a boost in sensitivity. The validation of the 

method was successful, and generated very good inter-
batch precision (4.2 and 5.1% at LLOQ) and accuracy 
values (2.4 and 3.1% at LLOQ). The method was then 
used successfully for a clinical sample analysis project.

How simple is testing m-NBA for peptide 
analysis?
The process of testing whether a supercharger makes 
a positive impact is extremely simple and can be per-
formed quickly. A bottle of the existing organic mobile 
phase with m-NBA present can be set up on a secondary 
line on the LC system, and if looking at singly charged 
molecules, the analyst can perform a comparison of the 
effect of solvents with and without superchargers within 
minutes. If a peptide is being analyzed that has previ-
ously shown to become multiply charged, then a full 
scan analysis would need to be performed to assess the 
presence of additional multiply charged species. The 
fragmentation pattern of these higher charged peptides 
would need to be investigated and suitable SRM transi-
tions developed to obtain the best sensitivity for compar-
ison purposes. However, since no shift in retention time 
has been demonstrated when m-NBA has been present 
in the organic phase, the analyst will know where their 
analyte should elute, aiding the decision as to whether 
m-NBA has had a positive impact on the signal to noise.

Overall conclusion
Having assessed the use of superchargers on a number 
of peptides (both large and small), it suggests that m-
NBA increases the ionization of everything in the source. 
Therefore the cleanliness of the extract can play a major 
part in whether an increase in analyte signal to noise is 
likely. If an increase in signal to noise has been observed, it 
is likely that the use of m-NBA could be carried through 
to validation and sample analysis as using superchargers 
is robust and reproducible. Furthermore, no detrimental 
effect on mass spectrometers has so far been detected, as 
solvent diversion has always been used such that the sol-
vent flow only enters the MS system when it is required, 
in order to keep the instrument clean. To date, the only 
supercharger that has been tested is m-NBA and it is pos-
sible that other modifiers could result in larger sensitivity 
gains, but this remains to be investigated.
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Background: Four bioanalytical platforms were evaluated to optimize sensitivity and 
enable detection of recombinant human GDF11 in biological matrices; ELISA, Meso 
Scale Discovery, Gyrolab xP Workstation and Simoa HD-1. Results & methodology: 
After completion of custom assay development, the single-molecule ELISA (Simoa) 
achieved the greatest sensitivity with a lower limit of quantitation of 0.1 ng/ml, 
an improvement of 100-fold over the next sensitive platform (MSD). Discussion & 
conclusion: This improvement was essential to enable detection of GDF11 in biological 
samples, and without the technology the sensitivity achieved on the other platforms 
would not have been sufficient. Other factors such as ease of use, cost, assay time and 
automation capability can also be considered when developing custom immunoassays, 
based on the requirements of the bioanalyst.

First draft submitted: 9 October 2015; Accepted for publication: 29 January 2016; 
Published online: 26 February 2016

Keywords: ELISA • GDF11 • Gyrolab • immunoassay • ligand-binding assay (LBA) • MSD 
• Simoa

In the past several years there have been many 
advances in ligand-binding assays that have 
been replacing traditional plate-based ELI-
SAs with increased automation and sensitiv-
ity for detecting proteins [1]. Some of these 
new methodologies and technologies include 
the Meso Scale Discovery (MSD) platform, 
Gyrolab xP Workstation and the single-
molecule ELISA (Simoa) HD-1 Analyzer. 
Each platform has unique features as well as 
advantages and disadvantages depending on 
the user’s desired bioanalytical data output.

Our aim was to develop a sensitive and spe-
cific bioanalytical assay to detect GDF11 in 
biological matrices. GDF11 is a homodimer 
in the TGFB2 superfamily which is thought 
to circulate at subnanogram concentrations in 
various biological species [2,3] and developing 
a custom immunoassay with such low sensi-
tivity requirements can be difficult. Previous 
publications have attempted to quantitate 
GDF11 with Western blots [2], which are only 

qualitative, or with nonspecific SOMAm-
ers [4], which also detect closely-related GDF8 
protein (myostatin), highlighting the need 
for a custom immunoassay, to be developed 
in-house. A monoclonal anti-GDF11 anti-
body from R&D Systems (MN, USA) was 
purchased, qualified and used as both a cap-
ture and detection reagent for all assays across 
multiple platforms to determine their respec-
tive sensitivities and dynamic ranges. Human 
recombinant GDF11 was also purchased 
from R&D systems and qualified in house 
for use in assay development. The four plat-
forms evaluated were: ELISA, MSD, Gyrolab 
xP Workstation and Simoa HD-1.

Although there are several commer-
cially available kits designated to quan-
titate human GDF11, they either lacked 
specificity for active (i.e., homodimeric) 
human recombinant GDF11 and/or selec-
tivity against human recombinant GDF8 
(myostatin) [3].

Development of an ultra-sensitive 
Simoa assay to enable GDF11 detection: 
a comparison across bioanalytical platforms
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Materials & methods
Antibody & reagent evaluation
Several anti-GDF11 antibodies are commercially avail-
able from vendors however, after in-house evaluation 
many of these antibodies were found to cross-react with 
GDF8 [5] as others have determined as well [4]. R&D 
Systems anti-GDF11 monoclonal mouse IgG1 anti-
body (Cat# MAB1958, clone 743833) was specific in 
binding to human recombinant GDF11 (R&D Systems 
cat 1958-GD/CF) and was not cross reactive to human 
recombinant GDF8 [5]. Due to the limited number of 
anti-GDF11 reagents available the R&D systems anti-
body was used as both a capture and detection reagent 
in all assay formats discussed, which likely precludes 
the measurement of GDF11 when bound to any of its 
numerous binding partners in biological matrices. In 
addition to human GDF11 the antibody can also rec-
ognize mouse and rat GDF11 since the active form of 
the protein is 100% homologous across these three spe-
cies. Because of this homology, custom in-house anti-
body generation would be difficult and time consum-
ing; therefore, efforts were focused on utilizing the one 
commercially available tool for assay development, even 
though it may not be the most ideal situation.

Reagent qualification
Recombinant human/mouse/rat GDF11 protein 
was purchased from R&D Systems, catalog # 1958-
GD (lots MMW1314061 and MMW1314081). The 
recombinant protein was E. coli-derived Asn299-
Ser407, with an N-terminal methionine. Sequence was 
confirmed in-house by mass spectrometry. The two 
lots were prepared from the same bulk batch and pur-
chased lyophilized in separate months. The lyophilized 
powder was reconstituted to approximately 0.3 to 0.5 
mg/ml with 30 mM Acetate, pH 4.5 buffer. Because 
GDF11 is not soluble in standard SEC running buf-
fers, sedimentation velocity analytical ultracentrifu-
gation (SV-AUC) was used to assess the aggregation 
state of the reagent. The SV-AUC experiment was 
performed on a Beckman Coulter Proteome Lab XLI. 
Sample was loaded into a charcoal filled epon cell with 
matching buffer in the reference channel, and 100 
scans of concentration versus radial position were col-
lected at 60,000 rpm. The data were analyzed by the 
continuous c(s) model using SEDFIT and GDF11 was 
found to be >95% disulfide linked dimer in the pH 4.5 
by AUC, thus confirming the quality of the protein.

The anti-human GDF11 antibody was purchased 
from R&D Systems, catalog number MAB19581 (lot 
CGIM02). It is a monoclonal mouse IgG1 Clone # 
743833 which was raised against E. coli derived recom-
binant human GDF11 (Asn299Ser407). Analytical 
size exclusion chromatography was performed to assess 

antibody purity using a Waters Acquity UPLC system. 
The system was run at 0.5 ml/min for 5 min in 50 
mM NaPhosphate 0.2 M  l -arginine 0.05% NaAzide 
pH 6.8. Ten micrograms of material was injected into 
an Acquity UPLC BEH c18 column (1.7 μM Prod-
uct# 186002350) and results were read at 280 nm. The 
antibody was found to be 93% monomeric and 6% 
aggregate, thus confirming the quality of the antibody.

Reagent labeling
After qualification, the antibody was labeled for various 
assays as follows.

Biotinylation for the ELISA, MSD and Gyrolab 
platforms was performed at a concentration of 1 mg/ml 
using a no-weigh EZ-Link Sulfo-NHS-LC-Biotin kit 
(Pierce Thermo Scientific) using a 1:10 antibody to 
biotin challenge ratio and 1 h incubation with shaking 
(600 rpm) at room temperature. The resulting bioti-
nylated antibody was desalted using a 0.5 ml Zeba 7K 
MWCO spin column (Thermo Scientific), prewashed 
three-times with 300 μl of 1X PBS.

The anti-GDF11 antibody was also labeled at 
1 mg/ml with an MSD Sulfo-Tag NHS-Ester (Meso 
Scale Discovery) using a 1:10 antibody to Sulfo ratio, 
and also an Alexa Fluor 647 label (Molecular Probes 
Labeling Kit, Life Technologies), both according to 
manufacturer’s instructions. Both labeled antibodies 
were desalted using 0.5 ml Zeba 7 K MWCO spin col-
umns (Thermo Scientific), prewashed three-times with 
300 μl of 1X PBS.

For the Simoa instrument the antibody was bio-
tinylated at a 1.0 mg/ml concentration using a 50X 
NHS-PEG Biotin (Thermo Fisher) ratio and desalted 
into Quanterix proprietary buffers following the man-
ufacturer’s recommendations. Antibody was then con-
jugated to proprietary paramagnetic beads (Quanterix) 
at 0.5 mg/ml using proprietary wash and resuspension 
buffers following the specific protocol provided by 
Quanterix. Bead count and aggregation were assessed 
using a ‘bead aggregation protocol’ on the Simoa 
instrument, and verified at above 80% monomeric for 
use in the assay.

Other common reagents used in various assay for-
mats include 1X PBS, pH 7.4 (Gibco), Bovine Serum 
Albumin (BSA, SeraCare), Tween 20 (Sigma), Low 
Cross Buffer (Candor Biosciences) and pooled mouse 
serum or plasma (Innovative Research).

ELISA
A 96-well polystyrene microtiter plate (Nunc Maxi-
sorp) for ELISA was coated with 50 μl per well of 2 
μg/ml unlabeled anti-GDF11 antibody, overnight at 
2–8ºC. Unbound capture reagent was washed away 
with 300 μl per well wash buffer (1X PBS with 0.05% 
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Tween 20) three-times and the wells were blocked 
with 5% BSA with 0.05% Tween 20 and incubated 
at room temperature on a plate shaker (300 rpm, 1 h). 
The plate was washed three-times with wash buffer 
and 50 μl per well of standards and QCs in binding 
buffer (5% BSA with 0.05% Tween 20) were added 
and incubated at room temperature on a plate shaker 
(300 rpm, 1 h). The plate was washed three-times 
with wash buffer and 50 μl per well of biotinylated 
anti-GDF11 at a concentration of 2 μg/ml was added 
and incubated at room temperature on a plate shaker 
(300 rpm, 1 h). The plate was washed three-times with 
wash buffer and 100 μl per well horseradish peroxidase 
(HRP)-conjugated to Streptavidin (Jackson Immu-
noResearch) was added at 1 mg/ml in binding buffer 
and incubated at room temperature on a plate shaker 
(300 rpm, 1 h). Following three washes, 50 μl per well 
of tetramethyl benzidine substrate was added caus-
ing an enzymatic reaction with any remaining HRP. 
The reaction was stopped with 50 μl per well 1 M 
H2SO4 and the optical density (OD) was measured 
using a SpectraMax M3 microplate reader at 450 and 
650 nm dual wavelength. Softmax Pro software (v5.4) 
was used for calibration standard curve fitting using a 
4-parameter logistic model and back calculation of all 
QC concentrations.

MSD
An MSD assay to detect human recombinant GDF11 
was developed using a homogenous assay format. A 
master mix was prepared, combining 4.0 μg/ml bio-
tinylated anti-GDF11 antibody and 2.0 μg/ml sulfo-
labeled anti-GDF11 antibody in binding buffer (5% 
BSA in 1X PBS with 0.05% Tween 20). This mas-
ter mix was added to a 96-well, nonbinding, light-
blocking plate (Fisher Scientific) at 50 μl per well. 
Twenty-five microliter of standards and QCs (diluted 
in binding buffer) were added per well in duplicate to 
the nonbinding plate containing the master mix. The 
nonbinding plate was incubated at room tempera-
ture on a plate shaker (500 rpm, 1.5 h). In parallel, 
an MSD streptavidin (SA) gold 96-well plate (Meso 
Scale Discovery) was blocked using 150 μl blocking 
buffer (5% BSA with 1X PBS with 0.05% Tween 20) 
and incubated at room temperature on a plate shaker 
(500 rpm, 1.5 h). After incubation, the MSD plate was 
washed three-times with 300 μl per well wash buffer 
(0.05% Tween 20 in 1X PBS). Fifty microliter aliquots 
of each sample mix from nonbinding plates were added 
to MSD plates and incubated at room temperature on 
a plate shaker (600 rpm, 1.5 h). After incubation, the 
plate was washed three-times and 150 μl of 2x Read 
Buffer T (MSD, stock diluted 2X in H20) was added 
to each well and read immediately on the MSD Sector 

Imager 2400 using an electrochemiluminescent signal. 
Quality control concentrations were back-calculated 
using standard curves fitted using a four-parameter 
logistics equation using MSD Discovery Workbench 
software.

Gyrolab
A custom run was developed on the Gyrolab by first 
preparing biotinylated anti-GDF11 antibody at 100 
μg/ml in Gyros wash buffer (1X PBS with 0.01% 
Tween 20) for use as capture reagent. Alexa Fluor 647 
labeled anti-GDF11 antibody was spun at 14,000 g for 
4 min before being diluted at a concentration of 20 
nM in Low Cross Buffer for use as detection reagent. 
Ten microliters of standard curve and QC dilutions 
were prepared in Low Cross Buffer, and all reagents 
(including several wells of wash buffer) were trans-
ferred to 96-well PCR plates (Fisher Scientific). The 
PCR plates and Gyrolab BioAffy 200 nl CDs were 
loaded into the instrument carousels and the default 
three-step ‘Wizard’ assay protocol was run, which 
adds capture, analyte and detection in separate steps 
and washes between each step. The system runs the 
fully automated immunoassay at nanoliter scale (only 
200 nl sample used but requires 4 μl dead volume) 
using a microfluidic system contained within custom 
‘CDs.’ Each CD has microstructures that flow sample, 
reagents and wash through chambers and a streptavi-
din coated affinity column using centrifugal and capil-
lary forces [6]. Each microstructure represents one sam-
ple and microfluidic interaction with its own inlet for 
reagents, with the detection step being laser-induced 
fluorescence detection. Quality control concentrations 
were back-calculated using standard curves fitted to a 
four-parameter logistics equation (at 5% PMT) using 
Gyrolab Evaluator software.

Simoa
An anti-GDF11 antibody was conjugated at a concen-
tration of 0.5 mg/ml to paramagnetic beads for use as 
capture antibody and also biotinylated at a 60X biotin 
ratio for use as detection antibody, following manu-
facturer’s instructions, for use on the Single Molecule 
Array system (Simoa HD-1 Analyzer by Quanterix). 
Capture beads were diluted in Bead Diluent (Quan-
terix) at a concentration of 5.0 E+6 beads and detection 
antibody diluted in Detection Diluent (Quanterix) at 
a concentration of 1.8 μg/ml. All reagents were loaded 
into the instrument reagent bay, including Streptavidin 
B-galactosidase reporter enzyme (SBG, Quanterix) at 
100 pM and one vial of resorufin-B-D-galactopyrano-
side substrate (RGP, Quanterix). Standards and qual-
ity controls and were diluted in 5% BSA with 0.05% 
Tween 20 and were then loaded (100 μl per replicate) 
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Figure 1. Illustration of each bioanalytical assay.
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into the instrument in glass vials (VWR) or 96-well 
nonbinding plates (Nunc, Fisher Scientific). All sample 
incubations, washes (using a proprietary buffer system 
by Quanterix) and detection steps are performed using 
a ‘two step homebrew assay’ default protocol, all of 
which are fully automated. Capture beads are incu-
bated with sample and detection antibody, are washed 
and re-suspended in RGP, and transferred to femto-
liter volume micro-arrays on a custom Simoa ‘CD.’ 
The wells are sealed with mineral oil and the imaging 
process is initiated. Detection was accomplished using 
the SBG reporter enzyme and RGP substrate and sub-
sequently read using time-lapsed fluorescence detec-
tion at multiple wavelengths to calculate the Average 
Enzymes per Bead (AEB), which also enables ‘digital 
ELISA’ readout [7]. Quality control concentrations 
were derived by plotting standard curve concentra-
tions versus AEB in a five-parameter logistics equation 
with 1/y2 weighting using Simoa HD-1 Analyzer data 
reduction software.

Results & discussion
A summary of each bioanalytical assay format and 
platform investigated are shown in Figure 1.

Assay qualification & performance
The ELISA, MSD and Gyrolab assays were devel-
oped following nonregulated exploratory guide-

lines which included specificity, matrix interference, 
establishment of minimum required dilution (MRD) 
and quality control performance in pooled serum 
or plasma. Standard curves on these platforms were 
first assessed in buffer, and then in serum or plasma, 
and the MRD was determined using the highest per-
centage that showed the same curve overlay and per-
formance compared with buffer. All standards and 
QC’s for assay development for the Simoa were run 
in buffer, in absence of any serum due to interference 
from endogenous GDF11 because of the increased 
sensitivity of the assay compared with the others. It 
is common to use matrix alternatives when develop-
ing nonregulatory exploratory biomarker assays since 
validation guidelines are flexible, as it is a challeng-
ing area and many assays are fit-for-purpose [8]. The 
updated US FDA bioanalytical method validation 
guidance document includes only a short section on 
biomarker assay development guidelines, which dis-
cusses that scientists should attempt to validate in a 
method similar to PK assays. However, meeting the 
same qualifications may not be possible in all bio-
marker assays, so validation that is ‘deemed appropri-
ate’ by the scientist will suffice [9]. A recent WRIB 
white paper discusses the challenges that are faced 
when developing biomarker assays and what valida-
tion steps can be acceptable during assay develop-
ment. Since our reagents and reference protein were 

AF 647

B B

B

HRP

Uncoated Nunc MaxiSorp 
Polystyrene Plate

SA-Coated MSD Gold Plate SA-Coated Affinity Column

SA

SA SA

Capture Antibody Conjugated 
to Paramagnetic Bead

Sulfo

ELISA MSD Gyrolab Simoa

B

SA

SBG

the collectables_year in bioanalysis.indb   104 13/10/2017   11:02:53



www.future-science.com 103future science group

Development of an ultra-sensitive Simoa assay to enable GDF11 detection   Research Article

well-characterized with rigorous QC testing, our 
Simoa assay method with appropriate controls meets 
sufficient exploratory validation criteria in a non-
clinical setting for a quantitative assay, and buffer 
use for matrix was justified [8]. The MRD of Simoa 
was determined by sample dilution linearity testing. 
The estimated quantitation range of each assay was 
established using the LLOQ and ULOQ, which were 
determined by spiking in known values of recombi-
nant GDF11 protein as quality controls and assessing 
recovery within ±30% accuracy of the nominal value 
and multiplying by MRD for each assay.

Sensitivity
The LLOQ and ULOQ for each assay format are 
reported in Table 1 and were determined using the 
accuracy (within ±30% nominal value) of spiked 
GDF11 and multiplying by MRD. Dilution linear-
ity and MRD were determined on ELISA, MSD and 
Gyrolab by testing different mouse and human serum 
percentages with standard curve and QC performance. 
These results are shown in Table 1. The comparison 
of full standard curves representing each assay type is 
shown in Figure 2. The most sensitive assay format was 
found to be the Simoa with an LLOQ of 0.1 ng/ml in 
buffer, followed by the MSD with 11 ng/ml, Gyrolab 
at 39 ng/ml, and lastly the ELISA with an LLOQ of 
60 ng/ml. Compared to the other platforms, the Simoa 
increases quantifiable range by approximately 100-fold, 
with the capability to deliver 3-logs worth of data. It is 
apparent in this figure that ELISA, MSD and Gyrolab 
all are approaching a signal over background of 1 at 
roughly 1–2 ng/ml (assay noise), and therefore values 
cannot be quantified within a linear range with con-
fidence, which is evident by the established dynamic 
ranges in Table 1.

Sample volume requirement
Although the Simoa assay was most sensitive it 
required the highest sample volume (100 μl) per rep-

licate, which can be limiting when analyzing rodent, 
preclinical samples and valuable clinical samples. The 
Gyrolab required the least amount of sample as it only 
uses 0.2 μl per replicate (dead volume 4 μl) in the 
microfluidics system, which would be optimal for mic-
rosampling and rodent studies, however the sensitivity 
was compromised at 39 ng/ml. Gyros also offer 1000 
nl CDs, which load more sample volume into the affin-
ity column and chambers for increased sensitivity, but 
no improvement was seen when developing our cus-
tom assay (data not shown). The LLOQ of MSD was 
11 ng/ml, with a sample requirement of 25 μl, which 
could be a good compromise if reagent volume is a lim-
iting factor. The ELISA has a sample requirement of 
50 μl, which can still be limiting with rodent studies, 
and coupled with reduced sensitivity; it is not a good 
alternative in this case.

Cost, assay development & run time
There are factors in addition to sensitivity that need to 
be considered when selecting an immunoassay which 
are described in Table 2. Each custom assay requires 
reagent modifications and proprietary components 
which can increase cost and various assay development 
and run times.

The GDF11 methods developed on all platforms 
had similar custom assay development times of 
approximately 1–3 weeks depending on the desired 
assay; however each requires multiple reagent modifi-
cations and multiple proprietary components. A tradi-
tional sandwich ELISA may not require any additional 
reagent modification or labeling, but in our case bioti-
nylated detection was used because of the lack of avail-
able reagents. Generic antispecies antibodies already 
coupled to HRP can be purchased in many cases, 
which can improve on reagent cost and assay develop-
ment time. The other platforms all require biotinyl-
ation and an additional fluorescent labeling (MSD, 
Gyrolab) or bead conjugation (Simoa). Bead conjuga-
tion is the most time consuming reagent modification 

Table 1. Comparison of assay sensitivities, dynamic range and characteristics.

Platform Dynamic 
range (ng/ml)

MRD LLOQ (ng/ml) ULOQ (ng/ml) Minimum 
sample 
volume (μl)

QC Bias range 
(%, abs.)

Format and readout

ELISA 6–171 10 60 1710 50 10.2–26.4 Plate based, colorimetric

MSD 1.1–1093 10 11 10,930 25 0.3–27.3 Plate based, electro-
chemiluminescence

Gyrolab 7.8–8000 5 39 40,000 4 0.7–21.6 Microfluidics affinity 
based, fluorescence

Simoa 0.05–30 2 0.1 60 100 0.0–24.0 Bead based, fluorescence 
and digital readout

MRD: Minimum required dilution.
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Figure 2. Comparison of GDF11 standard curves with 
each bioanalytical assay. Plotted as a function of mean 
signal/background due to the differences in data 
readout (Gyrolab = Response, MSD = RLU, Simoa = AEB, 
ELISA = OD).
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step, with the conjugation protocol and bead aggrega-
tion verification run requiring almost an entire day of 
development time.

ELISA and MSD are both plate based and require 
more hands-on bench time, with washing and liquid 
handling done by hand or with incorporating some 
automated steps. Automation can be incorporated to 
aid in blocking, washing or sample addition steps, 
but the full time required to complete the entire assay 
still remains the same, at 3–6 h, due to fixed incu-
bation times, which are longer at 1–2 h each. The 
Gyrolab and Simoa are fully automated with shorter 
run times (reflected in the instrument technology 
which requires shorter incubation times compared 
with plate-based methods), but these conveniences 
are offset by the higher cost of operating the instru-
ments. The Gyrolab requires proprietary CDs that 
are approximately three-times more expensive than 
MSD plates. The Gyrolab also has optional sample 
and detection buffers available for purchase which can 
drive up cost; however they are not necessary compo-
nents for methods development. The Simoa CDs are 
roughly the same cost as Gyrolab, however many more 
proprietary items such as reagent buffers, wash buffers 
and consumables (tips, cuvettes, sealing oil) add to the 
cost of operating the instrument. The Simoa buffers 
cannot be substituted due to the specific salt, pH and 
detergent requirements of each component, which are 
custom designed for the instrument automation and 
sample processing/imaging.

Focus on Simoa technology
The Simoa HD-1 by Quanterix is a newer platform, 
with mainstream implementation in several large 
pharmaceutical and biotech companies in the past 

several years. The increased sensitivity that is being 
reported in their marketed assay kits and ‘homebrew’ 
custom assays, compared with other platforms, can be 
achieved due to their unique bead-based technology. 
The bead-based antibody-analyte capture can serve as 
sample enrichment, and the resulting immunocom-
plexes (antibody conjugated to bead, analyte, bioti-
nylated detection antibody, and SGB enzyme) are 
trapped in individual femtoliter-sized wells in single 
arrays (single-molecule array or SiMoa) on custom 
CDs. There are 216,000 wells per array (24 arrays per 
CD) available to accept each bead, with or without an 
immunocomplex present, therefore detection is theo-
retically possible down to a single molecule per well. 
A time-lapsed fluorescence signal is produced which is 
imaged by microscope optics (creating a ‘digital’ read-
out), and because each immunocomplex is confined 
to one 50-fl sized well, the signal produced is much 
more concentrated compared with other LBA plate-
based assays, which can lead to better assay sensitiv-
ity. Plate based assays such as ELISA or MSD have a 
much higher surface area and volume per well, there-
fore the signal produced by an enzymatic/substrate 
reaction is diffused and higher amounts of target ana-
lyte is required before producing adequate signal over 
background to accurately quantitate [7].

Conclusion
We were successful at developing a custom assay to 
detect human recombinant GDF11 that met our sen-
sitivity requirements after evaluating four methodolo-
gies; ELISA, MSD, Gyrolab and Simoa. The Simoa 
increased our sensitivity compared with the other 
three platforms by approximately 100-fold and was 
used for sample analysis. There are many other aspects 
that need to be considered when developing custom 
immunoassays to detect various analytes in biologi-
cal matrices such as assay development and run time, 
cost, reagent modification and automation capability, 
that should be considered when developing custom 
immunoassays across multiple platforms . The Simoa 
outperformed other immunoassay formats with an 
LLOQ of 0.1 ng/ml, but comes with an added cost 
and more labor intensive reagent modifications. How-
ever, even with these limitations, the Simoa enabled 
GDF11 detection in human and mouse serum sam-
ples. Without this technology, the sensitivity achieved 
on the other three platforms would not have been 
sufficient.

Future perspective
The Simoa accomplished the desired sensitivity 
however the bead based nature of the assay also has 
downsides, and one of the largest limitations already 
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mentioned is the sample volume requirement of 100 
μl per replicate. One future advantage of the Simoa 
is the ability to multiplex [10], which could offset the 
limitations concerning volume, which other platforms 
currently do not offer with such increased sensitivity. 
Homebrew multiplex kits are available to develop cus-
tom assays to detect up to 3–6 analytes in one 100 
μl sample volume, with the same increased sensitivity 
compared with traditional immunoassays. Since the 
technology is newer, it is anticipated that it will only 
continue to improve in the future, with the instru-
ment gaining more features and less volume and 
reagent requirements. Coupled with the sensitivity 
increase and ability to multiplex, we think this instru-
ment will be crucial for enabling critical biomarker 
detection as well as custom low-level protein detection 
in the near future.
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Table 2. Comparison of platforms to guide immunoassay selection.

Platform Approx. assay 
development 
time

Reagent 
modifications

Proprietary components Approx. 
assay run 
time

Approx. 
cost

Fully 
automated

Custom 
multiplexing 
capability

ELISA 1–2 weeks Labeled 
detection

None 3–5 h + No No

MSD 2–3 weeks Labeled capture 
and detection

Microplates, read buffer 3–6 h ++ No Yes

Gyrolab 1–2 weeks Labeled capture 
and detection

CDs, optional sample buffers 1–2 h +++ Yes No

Simoa 2–3 weeks Conjugated 
capture, labeled 
detection

Reagent buffers, wash 
buffers, CDs, paramagnetic 
beads, consumables

2–3 h ++++ Yes Yes

Run time and approximate cost are calculated based on one 96-well plate of samples.

Executive summary

• Four bioanalytical ligand-binding assay-based platforms were evaluated to optimize sensitivity and enable 
detection of recombinant human GDF11 in biological matrices; ELISA, MSD, Gyrolab xP Workstation and Simoa 
HD-1.

• After completion of custom assay development on each platform, it was found that the single-molecule ELISA 
(Simoa) achieved the greatest sensitivity.

• The Simoa had an LLOQ of 0.1 ng/ml, an improvement of approximately 100-fold over the next sensitive assay 
(MSD).

• Coupled with the increased sensitivity, automation capability and ability to multiplex, the Simoa will be an 
important bioanalytical tool in the future to enable critical biomarker detection
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Spotlight: Large molecule analysis by LC–MS

Spotlight summary written by Faye Vazvaei (Roche Innovation Center, NY, USA)

As the complexity and diversity of biological therapies increases, the application of MS in quantifying 
large molecules in biological fluids has also grown. While the use of LC-MS/MS for the analysis of 
small molecules and small peptides and the use of ligand binding assays (LBAs) for the analysis of 
protein and large peptides have matured into the leading quantitative technologies over the last couple 
of decades, the application of MS-based methodologies to quantify proteins and large peptides is slowly 
but surely finding its place in various bioanalytical laboratories.

Bioanalytical scientists and practitioners are continually looking for new ways and developing new methods 
to answer the questions raised by project teams regarding the kinetics of the large molecule in vivo. LC-MS 
has offered scientists an economical and efficient way of developing methods at an early discovery stage 
without the need for highly specific affinity reagents. It has also evolved as an orthogonal approach for the 
investigation of biotherapeutics when there are cross-reactivity issues with the LBAs – and in the area of 
biotherapeutics disposition and biotransformation in vivo. As the use of this technology is growing within 
the pharmaceutical industry, Bioanalysis Zone conducted a survey on Large Molecules Analysis by LC-MS. 
This survey provides a snapshot of the current industry practices in the area of large molecules bioanalysis 
by LC-MS.

Reflecting on the survey results, it quickly becomes apparent that the 103 respondents work with 
multiple types of molecules. The majority of respondents work on large peptides (64%) followed 
by monoclonal antibodies (51%) and antibody–drug conjugates (37%).  Approximately 13% of 
the respondents indicated that they quantify oligonucleotides, and another 13% indicated that they 
measure a variety of other molecules ranging from protein biomarkers, glycerides and pesticides to 
antioxidants and plant protein. It is remarkable to see the use of MS in quantitative analysis within the 
diversity of these modalities.

What large molecules do you quantify in biological matrices?

Large peptides Therapeutic proteinsMonoclonal antibodies Antibody–drug conjugates

Fusion proteins Bi-/multi-domain biologics Oligonucleotides Other

64% 54%51%

13%28% 13%19%

37%
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It was also interesting to see that this survey 
reached many countries across the globe. The 
survey respondents were from 18 countries, 
with the USA comprising the plurality of those 
responding to the question (41%). Other 
respondents indicated their country of residence 
as India (11%), The Netherlands (8%), Canada 
(7%), Japan and France (6% each), the UK, 
China, Germany and Iceland (3% each), and 
Andorra, Belgium, Brazil, Denmark, New 
Zealand, Republic of Korea, Spain and Sweden 
(1.4% each). The industry demographics 
were varied with pharma (including generic 
companies) constituting 28% of all respondents, 
followed by CROs (CROs) at 22% and academia 

at 13%. Other responding demographics included biotechnology, equipment vendor, and government 
research and food supplements.

The majority of the respondents stated that they work in a regulatory environment, with only 25% 
working exclusively in the non-regulated space. Approximately three-quarters (74%) of the respondents 
use their bioanalytical assays during the preclinical stage. This is not surprising, given the rapid speed 
of method development needed during the discovery phase. As expected, this number declines to 45% 
for early clinical development and 22% at late stage (phase III), where specific antibodies are more 
likely to be available for the LBA platform.  The survey reveals the growing need for biosimilar assays: 
approximately 23% of the respondents utilize the assay for biosimilars.

Of those working in the regulated space, only three respondents (4.3% of all respondents) indicated that 
they have submitted LC-MS data in support of both IND and NDA applications, whereas approximately 
22% indicated that they have submitted data only in support of IND applications. This indicates that the 
use of MS as a quantitative application for large molecules is still developing and is in its expansion phase. 
Surprisingly, only one respondent submitted data exclusively in support of an NDA application. From the 
question and the responses given in the survey, it is not clear what type of data was submitted in support of 
either IND and/or NDA application.

One of the questions on the minds of many advanced and beginner users of the technology is whether a specific 
strategy should be followed in selecting the bioanalytical platform at different stages of drug development. 
Approximately 55% of the respondents indicated that they do follow a strategy in their decision making. 

These considerations may include the lack of 
availability of specific antibodies for the protein 
of interest, or the requirement for obtaining 
information to understand better the compound’s 
pharmacokinetics. At first glance, it might sound 
surprising that the other 45% indicated that they 
do not have a strategy in choosing their assay 
platform. A closer look at the survey may indicate 
that the respective respondents may be supporting 
‘generic’-type assays in the preclinical stage, 
CROs supporting a sponsor’s methodology for a 
particular application or involved in collaborative 
activities (academia and instrument vendors).

Like any technology, there are advantages as 
well as disadvantages in the use of LC-MS in 
large molecule quantitative bioanalysis. The 
advantages listed by the survey respondents seem 

Do you characterize your LC-MS or 
hybrid LBA/LC-MS method with regard to 

influences of soluble binding partners, 
e.g., soluble target, anti-drug 

antibodies (ADAs)?

85%
No

15%
Yes

Have you submitted any of this data 
in support of a registration?

No
73%

22%

1%

4%
Both

New Drug Application (NDA)

Investigational New Drug (IND)
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Key Points

• In recent years there has been an increase in large molecule therapeutics due to their target specificity, 
lower toxicity and higher potency, with many pharmaceutical companies now offering a vast portfolio of 
large molecule drugs. 

• This increase in large molecule therapeutics has been accompanied by an increase in the use of LC–MS. Even 
though LBA’s are still the gold standard for large molecule quantification, LC–MS has many benefits, such as a 
broader linear dynamic range allowing for multiplexing. 

• There are still a range of challenges associated with the use of LC–MS for these compounds.

to be enough of an incentive for approximately 73% of them to believe that the use of MS technique 
with or without immunoaffinity capture will increase in the future. The perceived advantages of this 
technique by the respondents are: faster method development, improved specificity, wider dynamic 
range, ability to multiplex, the possibility to differentiate between different variants and addressing 
LBA cross-reactivity issues, among others. When asked, 85% of survey participants said that they 
do not characterize their assay with regard to influence of soluble binding partners. The perceived 
disadvantages are also numerous, with the availability of a stable isotopically labeled molecule ranking 
as one of the main challenges, together with the sample preparation issues and a lack of desired 
sensitivity. Perhaps the most important challenge for the quantitation via proteolytic digestion is to 
show that the measured surrogate peptide(s) is representative of the molecule. In addition, there is no 
regulatory guidance for the latter. Quite a few of those who responded (85%) said there is a need for a 
harmonized descriptive nomenclature in the large molecule quantitative space.

In conclusion, the survey shows that this technique is beyond its infancy, and is developing towards 
greater maturity in the coming years. As the industry moves forward in utilizing these technologies, it is 
hoped that the experience, both in the science and the regulatory filings, will be shared and the industry 
will collectively benefit from the opportunities that any proven technology provides: understanding the 
molecule and its fate in vivo. 
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Background: A previously described immunoaffinity (IA)-LC-MS/MS assay for human 
β-nerve growth factor (β-NGF) was implemented to support large-scale sample 
testing for multiple clinical trials. Methodology & results: The procedure was modified 
to increase throughput by simultaneous preparation of two 96-well plates and LC 
duty-cycle reduction. Robustness of the LC method and nano-ESI was ensured during 
large-scale assay execution by closely monitoring and, if needed, replacing system 
components prior to failure. Following validation, the assay was used to analyze 
approximately 19,000 samples from multiple clinical studies over several years. 
Conclusion: Routine implementation of the β-NGF IA-LC–MS/MS assay supported 
drug development programs. This optimized assay format now serves as a template 
for other clinical protein biomarker assays.
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Published online: 23 March 2016

Keywords: antipeptide antibody column • biomarkers • extended SIL peptide  
• immunoaffinity • LC–MS • method development 

Protein and peptide immunoaffinity (IA) 
techniques linked to LC–MS/MS have 
surfaced as powerful bioanalytical tools 
for the quantification of protein biomark-
ers [1–10]. Assays based on IA-LC–MS/MS 
offer good specificity, sensitivity and repro-
ducibility, providing a high degree of data 
confidence, which ultimately enables robust 
decision-making with biomarker data [11]. 
With the advent of innovative IA workflows 
and more sensitive MS instrumentation, 
it has become possible to robustly quantify 
low-abundance biomarkers in the sub-ng/ml 
to low pg/ml range in serum and plasma [12–

14]. Many of the reported assays have been 
demonstrated in preclinical or exploratory 
clinical investigations, oftentimes with sam-
ple numbers not exceeding a few dozen, or 
perhaps a few hundred, per study. However, 
there is an emerging need to utilize this tech-
nology in support of larger interventional 
clinical trials and other larger patient studies 

in order to take advantage of the discrimi-
natory power of quantitative protein MS for 
clinical decision-making [15]. Depending on 
the study design and measured endpoints, 
such clinical studies can generate sample 
numbers in excess of a 1000 per study. This 
represents an opportunity to adapt the per-
formance characteristics of such IA-LC–MS/
MS assays to achieve higher throughput and 
to meet the robustness requirements for larg-
er-scale clinical implementation.

Recently, an assay has been described for 
the quantification of total human β-nerve 
growth factor (β-NGF) concentrations in 
human serum using sequential protein and 
tryptic peptide IA enrichment followed by 
nanoLC–MS/MS [13]. β-NGF plays a role 
in pain modulation through interaction with 
p75 and TrkA neurotrophin receptors and 
has become a target for monoclonal antibody 
analgesics. NGF is comprised of two identi-
cal 13.5 kDa subunits and is found within 

Large-scale implementation of sequential 
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β-nerve growth factor
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a range of 15–50 pg/ml in serum of healthy subjects. 
Despite the complexity of the β-NGF assay format, the 
utility in translational research and early clinical stud-
ies has been demonstrated [13]. The described bioana-
lytical performance characteristics of this assay paved 
the way to enable its adaptation in larger clinical trials. 
To this end, further optimization of throughput and 
robustness was required, for example, via simultane-
ous preparation of more than a single 96-well plate and 
reduction of LC duty cycle.

Herein, we describe method considerations for the 
large-scale implementation of a multiday IA extraction 
and digestion method combined with multiday LC/
nanoLC–MS/MS batch analysis. The analytical 
method must be designed to ensure robustness of an 
LC method with nanoESI for high-throughput anal-
ysis. Furthermore, the integrity of critical reagents 
from validation through completion of studies must 
be ensured. Validation of an optimized quantitative 
IA-LC–MS/MS assay for β-NGF quantification in 
human serum is described, which ultimately led to the 
implementation of the method to support clinical tri-
als. The validated method was used to analyze approxi-
mately 19,000 clinical samples for multiple studies over 
several years. This example paves the way for broader 
implementation of this technology in routine clinical 
sample analysis of protein biomarkers in general.

Materials & methods
Chemicals & reagents
Recombinant human β-NGF protein was purchased 
as a lyophilized powder from R&D Systems (MN, 
USA) and prepared at a concentration of 200 μg/ml. 
The extended stable isotope-labeled (SIL) peptide stan-
dard AWRFIRIDTACVC(V*) (L*)SRKAVRRA, (V* 
[13C

5
 15N

1
], L* 13C

6
 15N

1
]) was custom synthesized by 

Thermo Fisher Scientific (Ulm, Germany), quanti-
fied by amino acid analysis and provided in solution 
at 1.5 nmol/ml. Antihuman β-NGF (goat polyclonal 
antibody), used as the capture antibody, was purchased 
from R&D Systems and biotinylated in-house. The 
biotinylated stock solution was stored in single-use ali-
quots at -70°C and diluted to 37.5 μg/ml in 10 mM 
phosphate-buffered saline (PBS) before use. The ligand 
affinity purified rabbit polyclonal anti-β-NGF peptide 
antibody for IA-LC was obtained from Lampire Bio-
logical Laboratories (PA, USA) in 1 mg/ml aliquots. 
Anti-β-NGF peptide antibody columns were prepared 
as previously described [6,13,16]. Human serum and 
dried ultrapurity bovine serum albumin (BSA) were 
purchased from Sigma-Aldrich, Inc. (MO, USA). 
Streptavidin-coated magnetic beads (Dynabeads® 
MyOne™ Streptavidin C1) were purchased from 
Life Technologies (NY, USA). Ammonium acetate, 

3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
pane sulfonate (CHAPS), 0.1 M hydrochloric acid 
(HCl), iodoacetamide, PBS tablets, sodium chloride, 2 
M Tris HCl buffer, ammonium formate, ethanol and 
sodium azide were purchased from Sigma-Aldrich, Inc. 
Tris(2-carboxyethyl)phosphine HCl (TCEP) and for-
mic acid (98%) were purchased from EMD Chemicals 
(PA, USA). The MS-grade trypsin was purchased from 
Promega Corporation (WI, USA). Isopropanol was 
purchased from JT Baker (PA, USA). HPLC-grade 
acetonitrile and water were purchased from Honeywell 
Burdick and Jackson (NJ, USA).

Stock solution preparation, balance, storage 
& use
Human β-NGF stock solution was prepared by the 
addition of 0.485 ml of 5% BSA in 10 mM PBS (sur-
rogate matrix) to 97 μg of lyophilized human β-NGF 
protein (corrected for purity) to a concentration of 200 
μg/ml. To demonstrate the preparation accuracy of 
each stock solution, two separate stock solutions were 
prepared and an aliquot from each vial was diluted in 
buffer (n = 6). Internal standard was added to the neat-
diluted stock solution aliquots followed by reduction, 
alkylation and digestion with trypsin, according to the 
described method, to assess the response from each 
preparation. Stock solutions were considered balanced 
if the mean response from each stock (n = 6) was <10% 
different. Newly prepared stock solution was aliquoted 
into one-time use protein LoBind® tubes (Eppendorf 
via Fisher Scientific, NY, USA) at a 25 μl volume and 
stored at -70°C until use. One frozen-stock aliquot was 
used upon thawing for preparation of the standard and 
quality control (QC) samples provided that the stock 
had demonstrated balance and was within established 
stability. When a new preparation of stock solution was 
needed, new stocks were diluted and balanced, and 
compared with the previously frozen-stock aliquots as 
a bridge to demonstrate that the new vials provided an 
equivalent response. This proved particularly impor-
tant when a new lot of recombinant human β-NGF 
reference material was used.

Calibration & QC sample preparation
Calibration and QC samples were prepared in a wet ice 
bath from 7 to 450 pg/ml in surrogate matrix consist-
ing of 5% BSA in 10 mM PBS on the day of analysis. 
For run acceptance, at least 75% of individual stan-
dard curve replicates must be within 25% of theoreti-
cal concentration. Human β-NGF is present in control 
human serum, and human serum void of β-NGF was 
unavailable. The concentrations of human β-NGF 
were screened in multiple individual serum lots prior 
to validation to determine appropriate spiking concen-
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trations for QC samples across the analytical range. A 
human serum pool was prepared in sufficient volume 
and aliquoted into single use vials that were stored at 
-70°C. The endogenous (END) concentration of this 
control serum pool was determined within-run by 
analysis of replicates (n = 6) over three precision and 
accuracy runs. A grand mean (n = 18) END concentra-
tion was determined and used as the theoretical value 
of the END QC in each validation run. The QC sam-
ples were prepared in the qualified control matrix pool 
by spiking with human β-NGF at 20, 400 and 650 
pg/ml. Spiked QC samples were subsequently diluted 
1:1 with surrogate matrix in the extraction plate to the 
target concentration of 10, 200 and 325 pg/ml.

Extraction procedure
A minimum twofold dilution was applied to study 
samples by diluting 300 μl of serum 1:1 with surrogate 
matrix. QC samples were prepared at the target con-
centration in 1:1 human control matrix to surrogate 
matrix. Sample aliquots of 300 μl were made into 1-ml 
96-well sample plates placed in an ice bath followed by 
dilution with 300 μl of surrogate matrix. Each sample 
was buffered with 100 μl of 0.1 M ammonium acetate, 
0.5 M sodium chloride, 0.1% w/v CHAPS (CHAPS 
buffer), prior to the addition of 750 ng of biotinyl-
ated capture antibody. The sample plate was incubated 
overnight at approximately 4°C while gently shaking 
(400–500 rpm). After approximately 16 h, the human 
β-NGF/antibody complex was captured by incuba-
tion with 20 μl C1 streptavidin magnetic beads for 
60 min at room temperature. Plates were loaded to a 
Hamilton STAR (NV, USA) for automated liquid han-
dling using a 96-channel pipetting head and magnet 
stands for magnetic bead collection. Using the robot, 
the beads were collected on the magnetic stand and 
washed three-times with 300 μl of CHAPS buffer, fol-
lowed by one wash with 300 μl of 10 mM PBS, pH 7.4. 
Biotinylated anti-β-NGF complex was captured on the 
magnetic beads. Human β-NGF was eluted from the 
beads with 140 μl of 30 mM HCl, transferred to a 
0.5-ml 96-well elution plate and then neutralized with 
15 μl of 2 M Tris HCl, pH 8.

Post extraction, 9 fmol of the SIL internal standard 
peptide was added to each sample before reduction, 
alkylation and trypsin digestion. Reduction and alkyl-
ation were performed by incubating with 15 μl of 75 
mM TCEP for 45 min at 56°C, and then with 15 μl 
of 150 mM iodoacetamide for 30 min at room tem-
perature. Finally, 1.6 μg of trypsin was added to each 
sample for overnight digestion at 37°C. β-NGF was 
quantified using the tryptic peptide IDTACVCVLSR; 
the extended SIL peptide generates IDTACVC(V)(L)
SR upon trypsin digestion. Finally on day 3, enzyme 

activity was deactivated by heating sample plates to 
100°C for 30 min.

Liquid chromatography
A Dionex UltiMate® 3000 system (CA, USA) con-
taining the following modules was used for this 
assay: WPS-3000 TPL autosampler, SRD-3600 and 
SR-3000 solvent racks, LPG-3600 and LPG-3400M 
pumps and FLM-3100 and FLM-3300 flow manag-
ers. Each flow manager contains a 10-port valve in a 
thermostat-controlled oven. The LPG-3600 contains 
two ternary pumping systems (designated as ‘Load-
ing Pump’ and ‘Micropump1’) and the LPG-3400 is 
a quaternary pump (designated as ‘Nano LC Pump’). 
The LPG-3400 was connected to the FLM-3300 flow 
manager equipped with a 1000:1 flow splitter to deliver 
a flow of 600 nl/min to the nanoLC column held in 
the oven at 75°C. The Loading Pump and Micro-
pump1 were configured to deliver flow rates ranging 
from 0.3 ml/min up to 1 ml/min to the antipeptide 
and trapping columns during the flow program. The 
antipeptide antibody column was held at 30°C in the 
FLM-3100 flow manager oven. See Figure 1 for details 
on how the pumps and columns were connected.

The LC pump and valve configuration were opti-
mized for throughput through the use of multiple 
pumps to deliver the mobile phases necessary for the 
antipeptide antibody column and trap column. This 
LC configuration eliminated all of the gradient delay 
times normally associated with using a single pump 
for a column. In this way, when each valve rotates, the 
desired mobile phase is delivered to each column with-
out delay. This configuration reduced the analysis time 
from 18 min/sample to 10.2 min/sample when using a 
single pump per column plumbing configuration [13].

The loading pump delivered 130 μl sample injections 
to the antipeptide antibody column at 0.3 ml/min for 
3 min using 25 mM ammonium formate, pH 7, with 
0.01% sodium azide. Simultaneously, Micropump1 
delivered 0.1% formic acid in water at 0.3 ml/min to 
the trap column (0.3 × 5 mm Acclaim® C18; Dionex), 
and Nano LC Pump delivered an initial mobile phase 
of 88% water/12% acetonitrile/0.1% formic acid to 
the nanoLC column (75 μm i.d. × 15 cm Acclaim C18; 
Dionex). At 3 min, the antipeptide antibody column 
was eluted to the trap column and washed for 2 min. 
Simultaneously, the Loading Pump composition was 
changed to 1% formic acid and 1% ethanol in water 
to wash the antipeptide antibody column at 1 ml/min. 
At 5 min after the injection, valve 2 was switched, 
connecting the Nano LC Pump to the trap column 
for gradient elution of the β-NGF surrogate peptide 
to the nanoLC column. The nanoLC gradient begins 
at 4.7 min from 12% mobile phase B (MPB) to 30% 
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Figure 1. LC flow path and connections including the online peptide immunoaffinity capture module.
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MPB at 6.5 min; then the gradient ramps to 90% MPB 
at 7.4 min. At 8 min, the Loading Pump re-equili-
brated the antipeptide antibody column in preparation 
for the next injection; at 9 min, valve 2 rotates to wash 
the trap column with 50% acetonitrile/25% isopropa-
nol/0.1% formic acid at 0.3 ml/min. The injection to 
injection cycle time of the method was 10.2 min.

Mass spectrometry
A Thermo Vantage™ triple quadrupole mass spec-
trometer (Thermo Scientific) fitted with an Advion 
TriVersa NanoMate® (TVNM) with ESI Chip™ 
nanoelectrospray ion source (Advion, Inc., NY, USA) 
was used. The TVNM was chosen for this work due to 
its reliable delivery of a stable nanoelectrospray across 
many days using a single nozzle. The TriVersa Nano-
Mate ChipSoft (Advion, Inc.) software monitors the 
spray current, which varies with solvent conductiv-
ity that is dependent on the composition of effluent. 
Higher spray currents result with higher water and acid 
composition of the mobile phase whereas lower spray 
currents result at higher acetonitrile compositions. If 
the spray current deviates from user-defined high and 
low current values (an indication of a problem with the 
spray), the TVNM was programmed to switch the LC 
effluent to a new nozzle so that data acquisition con-

tinued uninterrupted. The TVNM was operated at a 
spray voltage of 1.7 kV with spray sensing thresholds 
of 30 and 300 nA. The β-NGF surrogate peptide was 
quantified by SRM of the [M+2H]2+ molecular ion at 
m/z 647.3 fragmenting to m/z 893.4 (y

7
1+). Two quali-

fier ions (y
6
1+ and y

8
1+) were also monitored for the NGF 

peptide. The SIL-analyte SRM was m/z 653.9 to m/z 
906.4 (y

7
1+). A 50 ms dwell time was used. Considering 

a 5 ms inter-dwell time delay between the four SRM 
transitions and a peak width at baseline of typically 
6 s, approximately 24 SRM data points were recorded 
per peak.

Method validation
Three precision and accuracy batches were completed 
at five serum QC concentrations assayed n = 6 for 
each validation batch. A large pool of control human 
serum was used for preparation of the END QC and 
validation QCs at low, mid and high concentrations 
by spiking 20, 400 and 650 pg/ml of human β-NGF 
in serum, respectively. The 25- and 100-fold dilu-
tions were validated by spiking 10,000 pg/ml human 
β-NGF in human serum and subsequently diluting in 
surrogate matrix. Dilution accuracy near the LLOQ 
was assessed by twofold dilution of the END QC with 
surrogate matrix. Spiked validation QCs were pre-
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Figure 2. Representative calibration curve from assay 
validation ranging from 7 to 450 pg/ml β-nerve growth 
factor. 
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pared fresh for each batch, except for low- and high-
concentration QC aliquots stored at -20°C or -70°C for 
stability assessments.

Results & discussion
Method optimization
This assay presented several method-development 
challenges. An SIL human β-NGF protein was not 
available, so the assay variability prior to internal stan-
dard addition was minimized by using automated sam-
ple preparation with a liquid-handling robotic system. 
Evaluation of analyte recovery during the β-NGF IA 
step was performed to ensure that the recovery was 
maximized. In practice, this included the selection 
of an amount of anti-NGF capture antibody (750 ng 
per sample), which was in large excess compared with 
the amount of endogenous NGF in serum (e.g., base-
line NGF is ∼20–40 pg/ml). This also involved eval-
uation of recovery at different incubation times with 
the capture antibody at several concentrations. Time 
intervals evaluated were limited to times that enabled a 
single analyst to perform the sample preparation in one 
workday (10 h or less) and overnight incubation (16 
h). The recovery reached steady-state using an over-
night incubation (data not shown). Trypsin digestion 
was evaluated after approximately 3 h to determine if 
adequate sensitivity could be achieved without over-
night digestion. Adequate sensitivity, as measured by 
the signal/noise ratio at the target LLOQ was only 
achieved with overnight digestion.

The flow configuration for this assay utilized sepa-
rate pumps for loading and elution of the antipeptide 
antibody column, thus eliminating LC-gradient mix-
ing delays and greatly reducing the injection-to-injec-
tion cycle time. This configuration allowed immediate 
delivery of the elution and wash solvents to the columns 
upon valve rotation. Furthermore, this approach was 
used to wash the trap column at 0.3 ml/min, greatly 
speeding the wash and equilibration of the trap and 
nanoLC columns. In this nanoLC assay, the primary 
source of carryover was found to be the trap column. 
Hundreds of column volumes were delivered to the 
trap column during a short period of time, minimizing 
carryover and LC–MS method time.

This assay required the use of an antipeptide anti-
body column to achieve the target LLOQ. The sensi-
tivity gain using the antipeptide antibody column was 
determined by injecting the same extracts with and 
without use of the antipeptide antibody column. The 
data (not shown) demonstrated an 18-fold improve-
ment in peak area response for the internal standard. 
It is likely that most of the sensitivity loss with the 
two-column configuration is due to ion suppression 
during the 5-min gradient and that the lost sensitivity 

could be recovered with the use of a longer, shallow 
gradient. However, the longer cycle time for a two-col-
umn configuration would make the method imprac-
tical for high-throughput applications. To maximize 
sample throughput, use of an antipeptide antibody 
column not only contributes to assay speed but also 
assay robustness by selective enrichment of the target 
peptides. Therefore, for methods intended for analy-
sis of hundreds or thousands of samples, investment 
in the preparation of antipeptide antibodies provides 
improved assay performance.

Method validation
Following method optimization, the quantitative 
IA-LC–MS/MS assay for human β-NGF was vali-
dated using a 7.0–450 pg/ml calibration range. As 
this assay incorporates two IA steps akin to traditional 
ligand binding assays, certain practices commonly used 
in ligand binding assays analysis of protein biomark-
ers were adapted to this new assay format, including 
the use of duplicate standards, a nonlinear curve fit 
and wider acceptance criteria for accuracy and preci-
sion. The data fit through the duplicate standards was 
quadratic applying a 1/x2 weighting factor (Figure 2). 
Acceptance criteria of 25% precision and 25% accu-
racy were applied for all QC samples at all concentra-
tions (END β-NGF, END β-NGF diluted in surrogate 
matrix, β-NGF spikes into serum and dilutions of high 
β-NGF spikes into serum) and samples for stability 
evaluation. In the context of this assay, accuracy refers 
to the relative agreement of a measured β-NGF concen-
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tration (END and recombinant β-NGF spikes) with 
the excepted concentration based on calibration with 
recombinant β-NGF. Intrabatch precision (% CV) on 
three testing occasions using six replicates at each of 
the tested NGF concentrations in human serum was no 
higher than 9.5% (Table 1). Intrabatch accuracies per-
cent relative error (%RE) ranged from -15.1 to 16.8%. 
Interbatch precision was between 6.1 and 9.3% CV 
and interbatch accuracy ranged from -9.7% to 13.8% 
at all concentrations. Dilution linearity was also con-
firmed with serum samples fortified with 10,000 pg/ml 
NGF that were diluted 100- or 25-fold with surrogate 
matrix. Example extracted ion chromatograms for the 
calibration standards at the LLOQ at 7 pg/ml and 
ULOQ at 450 pg/ml are shown in Figure 3. Carryover 
was considered acceptable if the analyte response in the 
second carryover blank after a ULOQ injection was 
<25% of the mean response of the LLOQ calibration 
standards; carryover was generally <20%.
Stability of the surrogate and corresponding SIL pep-
tide in the final digested extract was demonstrated for 
64 h at 37°C, 53 h at 4°C and 55 days at -20°C. The 
stability of spiked human β-NGF in biological matrix 
was demonstrated for up to four cycles of freezing and 
thawing at -20°C and -70°C and for 4 h at 4°C. Long-
term stability of spiked human β-NGF in biological 
matrix frozen at -20°C and -70°C was tested up to 
706 days. Results confirmed analyte stability under 
these conditions.

Large-scale method implementation
Large-scale method implementation required approxi-
mately 55 steps completed over 45 h, including two 
overnight procedures, which required careful plan-
ning and execution of the sample extraction method. 
Sample preparation began on the afternoon of day 1, 
which included fresh preparations of standards in sur-
rogate matrix, QCs in biological matrix and aliquoting 
of these and study samples into 2-ml protein LoBind 
plates according to a Watson™ (Thermo Scientific) 
laboratory information management system (LIMS)-
generated worklist. Biotinylated antibody was added 
and the 96-well plates were incubated at 4°C while 
shaking overnight. Day 2 activities were mostly auto-
mated using a robotic liquid-handling system, includ-
ing antibody-bead incubation, bead washing, acid 
elution and transfer of the captured protein into clean 
96-well plates. Internal standard was added followed by 
reduction, alkylation and trypsin digestion overnight 
at 37°C. Day 3 activities included 30 min of heating at 
100°C to deactivate enzyme activity. The majority of 
day 2 activities were automated and occurred mostly 
in the morning, which allowed day 1 preparations for 
a second batch to begin in the afternoon. This overlap-
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Figure 3. Extracted ion chromatogram of the surrogate peptide IDTACVCVLSR and the corresponding SIL-IS 
peptide for (A) an extracted LLOQ standard 1 at 7.0 pg/ml and (B) an extracted ULOQ standard 7 at 450 pg/ml. 
NGF: Nerve growth factor; SIL-IS: Stable isotope-labeled internal standard.

Figure 4. Scheduling of two-plate immunoaffinity extraction and LC–MS/MS batches for a typical week that 
enabled the analysis of four two-plate batches containing 135 clinical samples per batch per instrument, a total 
of 540 clinical samples per week. 
prep: Preparation.

future science group
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ping batch workflow enabled the preparation of >500 
clinical study samples during a 5-day workweek using 
a single analyst and robot. The average preparation 
and analysis time per batch was therefore reduced to 
approximately 30 h.

A single 96-well plate consumed approximately 
17 h of LC–MS time and a two 96-well plate batch 

consumed approximately 35 h. A schematic of this 
workflow is shown in Figure 4. During analysis of 
larger studies, two-plate batches were extracted and 
analyzed as a routine practice, creating an offset in 
the time needed to prepare sample batches and the 
time needed to be analyzed by LC–MS. This led 
to a backup in the LC–MS operation using a single 
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Figure 5. Longitudinal assessment of mean intrabatch percentage relative error for (A) QC1 (B), QC2 and (C) QC3 and percentage CV 
for (D)QC1, (E) QC2 and (F) QC3 analyzed during study support. Each data point is the average of four quality control (QC) replicates. 
The dotted lines indicate the grand mean of percentage relative error or percentage CV across all acceptable batches for each QC. 
QCs: endogenous β-NGF in human serum spiked with 10 pg/ml β-NGF (QC1), spiked with 200 pg/ml β-NGF (QC2) and spiked with 
325 pg/ml β-NGF (QC3). 
CV: Coefficient of variation.
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LC–MS system and required additional extract stabil-
ity to be established beyond the autosampler extract 
stability conducted as part of the method validation. 
Additional validation experiments were performed to 
evaluate the stability of extracts following digestion 
stored at -20°C for 55 days before LC–MS analysis. 
This data met the predefined acceptance criteria for 
stability, which enabled the decoupling of sample 
preparation from sample analysis. This allowed for 
improvements in laboratory efficiency to extract sam-
ples when resources were available and to do the same 
with the LC–MS.

The LC–MS system was set up and configured on 
the morning of day 2 and the first batch was submitted 
to the instrument. This batch was typically one that was 
prepared the previous week and stored at -20°C. Sub-
sequent two-plate batches were analyzed sequentially 
throughout the week, with the last batch finishing on 
day 7 of the week. The next week began with perform-
ing any LC or MS maintenance and calibration require-
ments prior to restarting LC–MS analysis. Generally, 
LC maintenance involved changing the trap column 
once weekly or sooner, as needed, and replacing and 
purging new solvents into the system. Mass spectrome-
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Figure 6. Overlay of the trap column back pressure for five samples from a two-plate batch. The backpressure for 
sample injection 212 indicated a pressure increase from previous samples in the batch during the eluting of the 
sample from the peptide antibody column to the trap column. As this was the last sample for this batch, the trap 
column was replaced prior to initiating the next batch of samples. 
Ab: Antibody.
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ter maintenance included replacing the ion transfer tube 
with a clean one and mass calibration and verification.

The workflow schedule (Figure 4) is described for 
a single MS supported by wet laboratory extractions 
requiring a single analyst. As needed, this workflow 
may also be applied to three mass spectrometers sup-
ported by two wet laboratory analysts, or other com-
binations as needed. In this case, the offset in extrac-
tion vs analysis time would be minimized to further 
improve efficiency and throughput.

Assay performance during sample analysis
To maximize the number of clinical samples analyzed 
during routine sample testing, the majority of the 
batch runs consisted of two 96-well plates. A standard 
curve was placed at the beginning and end of the batch 
to bracket all study samples with an equal number of 
QC sample replicates distributed on each plate (n = 4, 
two per plate). For run acceptance, at least 50% of QC 
replicates at each low, mid and high concentration level 
and two-thirds of QC replicates overall were within 
25% of theoretical concentration. A two-plate batch 
enabled analysis of approximately 135 clinical samples 
during a single week, a single analyst could prepare 
four batches for analysis on a single LC–MS system for 

a total of 540 samples. Over the course of 18 months, a 
total of 18,744 samples (excluding standards and QCs) 
were analyzed in 173 runs, with an overall run success 
rate of 95%. The performance of the QCs that were 
analyzed alongside the study samples was tracked lon-
gitudinally (Figure 5). The graphs show mean percent 
RE and mean percent CV (each from four replicates 
per batch) for QCs 1–3 for each accepted batch over 
the duration of the study. The grand mean of percent 
REs across the entire study was 2.7% for QC1, -6.5% 
for QC2 and -10.2% for QC3. The grand mean of per-
cent CVs across the entire study was 9.2% for QC1, 
9.8% for QC2 and 8.3% for QC3. No significant 
performance drift was discernible.

The pump-back pressures were monitored across 
each batch (see Figure 6 as an example) and throughout 
the week to monitor system performance. Columns 
and valves were replaced between batches according to 
the operational pressures known for each column. The 
antipeptide antibody columns were robust and demon-
strated consistent performance across several thousand 
injections. In fact, throughout sample analysis only 
four antipeptide antibody columns were used.

The trap column was replaced most frequently at a 
rate of one or two weekly, depending on the increase 
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Figure 7. Nanoelectrospray current over three consecutive gradient cycles. Under normal conditions, the spray 
current repeated in a predictable pattern. When the spray current deviated outside of this pattern, the sample 
flow was switched to a new nozzle in less than 3 s.
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in column back pressure. The pressure increased either 
slowly across many samples or abruptly when the valve 
rotated. It was observed that columns failed for two 
reasons: due to the slow accumulation of sample extract 
material; and/or, rotor material accumulation from 
the valve rotor wear. The pumps used herein enabled 
tracking of the pump hours of operation and the valve 
rotations. This information was used to preemptively 
replace parts and columns prior to reaching a point 
of failure. This approach enabled a relatively high run 
acceptance of 95% for this complex workflow.

The analytical column lasted for approximately 
2 weeks (1700 injections). It was replaced primarily 
due to poor chromatography (increased peak width 
and tailing). Occasionally, an abrupt increase in col-
umn pressure occurred. In such a case, inspection of 
the column inlets using a stereomicroscope indicated 
that small black particles from the valve rotor were 
accumulating on the column inlet.

The TVNM software enabled the monitoring of 
the spray current across the batch runs. Under normal 
operation, there was a predictable high and low spray 
current observed (Figure 7). It was determined that 
when the spray current deviated outside of this normal 
range, the spray would cease. The TVNM software 
was programmed to switch to a new nozzle within 3 s 
upon deviating outside of a predefined range, without 
requiring user intervention. Some nozzles would last 

for an entire week whereas others would last for only 
a single sample. There was no predictability to spray 
failures, so the spray sensing feature was critical to the 
success of this analysis.

Conclusion
This report highlights the performance and suc-
cessful implementation of a validated bioanalyti-
cal IA-LC–MS/MS assay for human β-NGF bio-
marker in high-throughput, routine analysis. This IA 
LC/nanoLC–MS/MS assay has proven to be robust 
with a low run-failure rate and reproducibly sensitive. 
To the best of our knowledge, this assay is also the first 
demonstration of large-scale clinical implementation 
of a protein assay that includes a nanoliter/min ana-
lytical flow rate in the final chromatographic stage and 
nanoelectrospray MS. The robust assay performance 
enabled the support of clinical development programs 
of a therapeutic antibody with nearly 19,000 samples.

Future perspective
Routine implementation of IA-LC–MS/MS workflows 
in clinical studies has become reality. As the IA-LC–
MS/MS technology matures further and more prec-
edent is set for protein biomarker quantification using 
the methodology of antibody to capture protein bio-
markers prior to trypsin digestion combined with an 
online antipeptide antibody enrichment of a surrogate 
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peptide, this multiday assay format may be used as a 
template for other assays. This can be accomplished by 
substituting commercially available reagent antibodies 
for IA and custom antipeptide antibodies for online IA 
capture. However, the basic components of this assay 
workflow and their scheduling for larger-scale analysis 
are translatable to other biomarker assays. Modifica-
tion of buffers and digestion conditions, as well as opti-
mization of extraction recovery for each new protein 
analyte, may be needed.

The current assay format also presents additional 
opportunities for method optimization for any poten-
tial continued implementation of this assay and other 
assays of this kind. This includes exploring whether a 
reduced sample volume can be accommodated to sup-
port studies with sample limitations, evaluating addi-
tional surrogate matrix buffers that are more generaliz-
able to other biological matrices and other biomarkers, 
accelerating trypsin digestion to reduce the overall sam-
ple preparation time, and assessing if extract stability 
can be maintained in the absence of heat deactivation of 
trypsin. It is expected that adding the SIL peptide to the 
bead elution or neutralization buffer, instead of a sepa-
rate low-volume addition, may further improve overall 
assay precision and remove one sample preparation step.

Furthermore, the inclusion of a prequalified END 
QC within each batch would provide the assay track-

ing data necessary to ensure consistency throughout 
reagent lot changes for long-term studies. It is antici-
pated that improved instrumentation and future 
investigations by us and others, will advance this assay 
format further to enable a more widespread implemen-
tation of the IA-LC–MS/MS technology for clinical 
protein biomarker applications.
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Executive summary

Background
• An existing β-nerve growth factor immunoaffinity-LC–MS/MS assay was optimized to allow increased 

throughput and enhanced analytical performance to support drug-development programs.
Experimental
• The procedure was modified to increase throughput by simultaneous preparation of two 96-well plates and LC 

duty-cycle reduction.
• This assay was validated and implemented to measure the β-nerve growth factor concentrations in 

approximately 19,000 clinical samples.
Results & discussion
• This immunoaffinity LC/nanoLC–MS/MS assay is robust, reproducible and sensitive, and has a low run-failure 

rate.
• This assay is the first demonstration of large-scale clinical implementation of a protein assay that includes a 

nanoliter/min analytical flow rate in the final chromatographic stage and nanoelectrospray MS.
Conclusion
• This optimized assay format is a template for other clinical protein biomarker assays.
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This article provides an overview of the information and factors relevant to designing 
bioanalytical strategies in support of in vivo nonclinical and clinical studies of 
protein therapeutics. The summarized information includes representative types 
of the therapeutic proteins, their key structural characteristics, the relationship 
between post-translational modifications and function, issues during purification and 
formulation, PK of therapeutic proteins and immunogenicity. The effect of each of 
those on bioanalysis strategy has been pointed out. The impacts of structural variant 
and ‘free’/’bound’ forms on PK assessment have been discussed.

Keywords: bioanalysis • biotherapeutic proteins • immunogenicity • PK  
• protein therapeutics

Since the discovery of protective properties 
of passive immunization in blood transferred 
from pathogen-infected animals in the late 
19th century, protein therapy has become 
an increasingly important mode of medical 
treatment. The early successes include pas-
sive administration of animal sera for treat-
ment of infectious diseases such as diphthe-
ria, scarlet fever, pneumococcal pneumonia 
and meningococcal meningitis [1–3] and use 
of pancreatic extracts in the treatment of 
diabetes mellitus by the 1920s [4]. Improve-
ment in protein purification has enabled use 
of purified immunoglobulin (e.g., hyper-
immune IgG preparations) and other thera-
peutic proteins (e.g., insulin, growth factors) 
derived from animal and subsequently from 
human sources to provide treatment or pro-
tective benefit to patients [5–7]. Recombinant 
DNA technology revolutionized protein 
therapy by providing means of mass produc-
tion of homogenous proteins of interest from 
living cells and by using well-defined biopro-
cesses. In addition, the hybridoma technol-
ogy introduced in 1975 by Kohler and Mil-
stein [8] enabled production of monoclonal 
antibodies as targeted therapeutics for a wide 
variety of diseases. Recombinant or hybrid-

oma technology derived therapeutic prod-
ucts are referred to as ‘biopharmaceuticals,’ 
‘biotherapeutics,’ ‘biologicals’ or ‘biologics.’ 
These terms normally encompass recombi-
nant therapeutic polypeptides and proteins 
(including antibodies). The therapeutic pep-
tides which are generated through chemical 
synthesis are important types of therapeutics 
but are not considered as biotherapeutics, 
and thus are not the focus of this chapter.

Since human insulin [9], the first recom-
binant protein therapeutic that received 
approval from USA FDA in 1982, the num-
bers of protein therapeutics either in devel-
opment or available on market after approval 
have increased dramatically. As of 2014, over 
246 biopharmaceutical products have been 
approved for clinical use in the treatment of 
a large variety of diseases including cancer, 
autoimmune disorders, metabolic diseases 
and infectious diseases [10].

With the expansion of protein engineering 
capabilities for drug design and an increase 
in the number of drug targets that are being 
pursued, there is an increasing demand 
placed on bioanalysis to support PK and PD 
studies. In order to apply the best bioana-
lytical strategies for sample analysis to meet 
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specific study needs, it is important to understand 
the characteristics of the therapeutic proteins, which 
‘forms’ of the analyte to measure, and the factors that 
may impact measurement of the protein therapeutic.

This chapter provides an overview of information 
relevant to bioanalysis of protein therapeutics includ-
ing consideration of therapeutic protein structure; sta-
bility and purity, and the impact of these components 
on the exposure–response relationship.

Therapeutic protein types
The advances in protein engineering have resulted in 
an expanding diversity in the types of protein thera-
peutics. Recombinant peptides and proteins have been 
widely used to treat different diseases (Table 1). How-
ever, peptides and proteins less than 60 kDa usually 
have a short circulation half-life. Strategies for increas-
ing the half-life of these relatively small biotherapeu-
tics include the attachment of chemical polymers 
(e.g., polyethylene glycol [PEG]) or making a fusion 
protein by recombinantly adding a half-life exten-
sion protein (e.g., albumin, transferrin, antibody Fc 
region). These strategies showed longer time in cir-
culation and less C

max
 to trough difference which can 

improve efficacy/safety properties. Other advantages of 
engineering a fusion protein include enabling the pro-
tein to target a specific cell surface component enhanc-
ing biological activity at the target site (e.g., fusing a 
cytokine to an antibody) [11], increasing the avidity for 
the target (e.g., bivalent Fc fusion protein) and con-
ferring bi- specific functions (e.g., target binding and 
Fc-dependent cytotoxicity).

A large number of biotherapeutics are monoclonal 
antibodies (mAb) or mAb-derived molecules. They 
show specific pharmacological effects with long cir-
culatory half-lives and are less likely to undergo sig-
nificant biotransformation in vivo. Advances in 
antibody engineering and mAb production techniques 
have not only progressed mAb from murine origin to 
humanized to fully human, but have also optimized 
the properties including stability and effector func-

tion. In addition, more mAb-based modalities, such 
as antibody–drug conjugates (ADC), bispecific anti-
bodies and domain antibodies, are being developed 
to address more complex therapeutic needs. Between 
2010 and April 2014, mAb represent almost 27% of 
all biologics approvals [10]. By mid 2014, a total of 58 
monoclonal antibody products have been approved in 
Europe and/or the USA, and approximately 300 more 
candidates are currently being developed [12].

Nonantibody-based scaffold proteins are an emerg-
ing category of biotherapeutics [13]. The advancement 
in techniques such as phage, cell and ribosomal display 
enabled in vitro generation of large scale of nonim-
munoglobulin molecule libraries. Proteins with high 
affinity and specificity for a given target can be iso-
lated from these libraries. Additional desired proper-
ties of engineered non-Ab scaffold proteins can include 
lower cost of goods (e.g., ease of manufacturing and 
consistent product profiles), increased on-target effects 
(e.g., smaller size for potentially efficient tissue pen-
etration and adjustable half-life for less frequent 
administration), decreased off-target effects (e.g., Fc-
mediated Ab- or complement-dependent cytotoxicity) 
and intellectual property (e.g., avoid patent issues with 
mAb targets).

Table 1 summarizes the representative types of the 
therapeutic proteins and key structural character-
istics. A number of GLP-1 receptor (GLP-1R) ago-
nists are listed to show good examples of multiple 
approaches (i.e., recombinant peptides and fusion 
proteins) to address the same therapeutic need (treat-
ment of Type 2 diabetes) [14]. Each of the therapeu-
tic protein modalities requires different bioanalytical 
strategies and methods that are suited for their unique 
physical/chemical properties.

Post-translational modification
The vast majority of therapeutic proteins are pro-
duced from prokaryotic- and eukaryotic-based expres-
sion systems, such as recombinant E. coli, yeast and 
mammalian cell lines. A small minority of them are 
produced from insect, plant cell lines and transgenic 
animals. Many factors including cost of goods, exper-
tise availability, patenting status and scientific con-
siderations influence the selection of an appropriate 
expression system for a given therapeutic protein. The 
post-translational modification (PTM) requirement of 
the protein is one of the key scientific factors for select-
ing an appropriate expression system. For example, an 
E. coli-based system which generates aglycosylated pro-
teins is not suitable for producing proteins that require 
glycosylation for optimal activities. Mammalian cell 
lines are currently the predominant therapeutic protein 
production system owing to their ability to perform 

Key terms

PK: Described as ‘what the body does to a drug’ and 
defined as the study of the time course of drug absorption, 
distribution, metabolism and excretion.

PD: Described as ‘what a drug does to the body’ and 
defined as the study of the biochemical and physiological 
effects of drugs and the mechanisms of their actions, 
including the correlation of their actions and effects with 
their protein structure.

Biotransformation: The conversion of drugs and other 
xenobiotics from one form to another within the body, 
often associated with change in pharmacologic activity.
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complex PTMs that are often required for optimal 
secretion, stability and drug activities.

The majority of proteins derived from eukaryotes 
undergo PTMs. Several hundred PTMs have been 
reported [29], which occur not only to the nascent 
ribosome-translated polypeptide but also at anytime 
during the life of the protein. Nonsequence-derived 
PTMs can alter protein function by changing either 
the chemical nature of an amino acid (e.g., deamida-
tion, deimination, oxidation and carboxylation) or 

protein structures (e.g., formation of disulfide bridges, 
and proteolytic cleavage). While proper PTMs are 
necessary for biotherapeutic production and func-
tion, undesirable PTMs can cause issues leading to 
potentially inconsistent drug efficacy and unwanted 
toxicity. In the context of biotherapeutic proteins, 
the primary concern for PTMs is during purifica-
tion, formulation and storage processes as well as in 
vivo after administration. As an example, oxidation of 
methionine residues in a1-antitrypsin leads to a loss of 

Table 1. Selective examples of therapeutic protein types.

Type MW kDa Example(s) Ref.

Peptides and recombinant proteins 0.2–60 Exenatide: a synthetic peptide with 53% homology to 
human GLP-1; approved in USA (2005) and EU (2007)

[14,15]

   Liragutide: a recombinant acylated peptide with 97% 
homology to human GLP-1; approved in EU and Japan 
(2009), as well as in USA (2010)

 

Fuson proteins PEGylated 1–60 (excluding 
PEG)

LY2428757: a pegylated human GLP-1; in Phase II trials [14,16,17]

 Fc fusion >55 Dulagutide: human GLP-1 fused to human IgG4 Fc; in 
Phase III trials

[14,18]

 Albumin fusion >67 Albiglutide (Tanzeum: two repeats of human GLP-1 fused 
to human albumin; approval in USA

[14,19]

mAb based mAb ∼150 Muromonab-CD3 (Orthoclone OKT3), the first monoclonal 
antibody approved

[20]

 ADC >150 Brentuximab vedotin (Adcetris®): antihuman CD40 linked 
with Auristatin; approved in USA (2011) and EU (2012) for 
treatment of Hodgkin’s lymphoma and anaplastic large 
cell lymphoma

[21]

 Domain Ab ∼15 In late 1980, a repertoire of isolated murine VH domains 
was screened for binding to lysozyme in Cambridge, UK

[22]

 ScFv ~55 Blinatumomab: a fusion protein composed of two single-
chain antibodies providing specific binding to CD19 and 
CD3; received FDA priority review designation in acute 
lymphoblastic leukemia in October 2014

[23]

 Bi-specific IgG ∼150 Catumaxomab: the first bsAb on the market (US, 2009) for 
treatment of malignant ascites in patients with EpCAM-
positive carcinomas; ongoing Phase II for treatment of 
ovarian and gastric cancer

[24]

Non-Ab 
scaffolds

Adnectin ∼10 CT322: the first Adnectin binding specifically to VEGFR2, 
was evaluated in Phase II clinical trials

[25]

 DARPin (designed 
ankyrin repeat 
proteins)

∼15 MP0112: the first therapeutic DARP in candidate, is a VEGF 
inhibitor and has entered clinical trials for the treatment 
of wet macular degeneration and diabetic macular edema 
in early 2010

[26]

 Affibody molecules ∼6 first clinical data on imaging using an HER2-binding 
affibody molecule in 2005

[27]

 Kunitz domain ∼7 Ecallantide: a kallikrein inhibitor derived from Kunitz 
domain to treat hereditary angioedema; approved by the 
FDA (2009)

[28]
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its critical anti-elastase activity required for the treat-
ment of emphysema [30]. Deamidation of asparagine 
residues to form aspartic acid and iso-aspartic acid can 
lead to degradation and alteration of protein activity, 
particularly during long-term storage [31].

Understanding the relationship between PTM 
structure and function has enabled the rational engi-
neering of PTMs to enhance therapeutic properties. 
Implementation of suitable analytical measurements is 
crucial to monitoring undesirable PTMs. Understand-
ing the relationship between PTMs and the protein 
function is important to employ appropriate bioanalyt-
ical strategies to measure functionally relevant forms 
of the drug for appropriate exposure and response 
assessments.

Structural variants & impact on bioanalysis
After administration into animals or human subjects, 
therapeutic proteins may undergo additional PTMs, 
also referred as biotransformation, resulting in fur-
ther structural modifications and different structural 
variants co-existing in vivo. Proteolytically cleaved 
fragments from both endopeptidase and exopeptidase 
activities have been observed for peptides conjugated to 
Fc, such as in the cases of romiplostim and Fc–FGF21 
conjugates [32–35]. An increase in aspartate isomeriza-
tion in vivo at the CDR region of a model mAb was 
reported with significant impact on the function of the 
molecule [31].

From bioanalytical perspective, biotransformation 
may confound quantification of active or other desired 
forms. The assay reagents for a ligand-binding assay 
may not be able to distinguish between different vari-
ants. As in the case of FGF21-derived protein thera-
peutics, a ligand-binding assay that measures the level 
of total protein including both proteolytic fragments 

and the intact protein will overestimate the active 
drug exposure. On the other hand, an LC-MS assay 
following an unmodified surrogate peptide may miss 
the quantification of the modified form, resulting in 
underestimated exposure. Therefore, it is crucial to 
understand which structural variants to measure and 
what bioanalytical technology to measure them. Due 
to the greater structural complexity of proteins com-
pared with small molecule drugs, it is more challenging 
to quantitatively determine the structure–activity rela-
tionships (SARs) for therapeutic protein candidates. 
Risk-based assessment based on amino acid sequences 
and in vitro data may be used to determine whether 
structural variants have safety and/or efficacy liabili-
ties, and thus would require specific monitoring of that 
entity.

Purification & formulation
Unlike small molecule drugs which are chemically 
synthesized, therapeutic proteins are produced using 
different biologic expression/production systems 
involving a genetically modified host cell. Therefore, 
recovery and purification of these proteins, often by 
multiple chromatographic techniques, is an integral 
part of the manufacturing process. The goals of the 
purification are to ensure the purity, activity and safety 
of the finished product, while optimizing the manu-
facturability and exchanging the buffer into the final 
formulation. The processing has to be economic, effec-
tive and reliable for separation of impurities includ-
ing product related variants (e.g., modified forms and 
aggregates), process-related materials (e.g., cell culture 
media, leachates from the separation media), host cell 
components and contaminant species that should not 
be included in the drug product (e.g., nucleic acids, 
viruses, pyrogens, residual host cell proteins). After 
purification, the purified bulk drug substance is sub-
jected to a series of formulation, fill and finish steps 
and then converted into the final drug product (at the 
desired concentration and in the desired formulation 
and container or delivery device). These processing 
steps have the potential to further impact therapeutic 
protein stability [36].

One of the prominent issues during the purification 
and storage is product aggregation. Such aggregation 
can range considerably in size from dimers through 
subvisible to visible particles, and can be covalent or 
noncovalent, native or non-native, soluble or insoluble 
and reversible or irreversible. Recombinant protein 
aggregation can happen in high-producing cell 
lines where the protein-folding facilitating chaperones 
become overloaded with the recombinant protein [31]. 
The mechanism of protein aggregation during purifi-
cation and storage still remains to be fully understood. 

Key terms

Protein aggregation: A phenomenon or process 
(chemical or physical) by which proteins adopt a 
conformation that causes their polymerization into 
polymer aggregates.

Immunogenicity: The ability of a substance to elicit 
immune responses, which can be humoral and/or cell-
mediated immune responses.

Neonatal Fc receptor (FcRn): A cell surface receptor that 
binds to the Fc portion of IgG and also binds to albumin. 
Endocytic recycling of both IgG and albumin by FcRn result 
in increased half life of both of these proteins.

Antidrug antibody: Either pre-existing or treatment-
induced antibody specific for drug; may also refer to the 
positive control (PC) monoclonal or polyclonal ADA that is 
used as a quality control during immunogenicity method 
development, validation and production.
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Studies suggest that aggregates can be heterogeneous 
and the mechanism is dependent on the nature of the 
stress applied [37,38]. External stress factors can lead to 
loss of native structure of biotherapeutic proteins. The 
examples of those factors include air–liquid and liq-
uid–solid interfaces, temperature changes, pH values, 
high ionic solution conditions and mechanical shear. 
In addition, proteins tend to be attracted to hydropho-
bic surfaces where they can more likely unfold. Struc-
turally altered proteins and partially folded intermedi-
ates which expose hydrophobic surface and then allow 
intermolecular interactions are thought to play a role in 
forming aggregates [39,40]. The native proteins can also 
form aggregates through absorption to microparticles 
or at high concentrations. Aggregation not only can 
reduce yield thus impacting cost, but also has been cor-
related to increased incidences in immunogenicity 
and immune-mediated adverse events in patients.

Appropriate selection of excipients, physical state 
and storage conditions is essential for formulation of 
biotherapeutics. In addition, the intended route of 
administration and the ‘marketability’ of the final drug 
product are important factors to be considered. Aggre-
gation is also a concern during formulation. There have 
been developments in the use of excipients to reduce 
aggregation in formulated products [41]. Those excipi-
ents include surfactants (e.g., polysorbate 20 and 80) 
and amino acids (e.g., arginine, lysine and glutamic 
acid) to prevent protein adsorption at the air–liquid 
interface, and carbohydrates (e.g., sucrose, dextrose) 
to cover the surface of hydrophobic bonding sites and 
thus to preserve the native structures.

PK & immunogenicity
PK of therapeutic proteins
PK of therapeutic drugs is usually described in terms 
of ADME – the drug’s ability to be Absorbed, Dis-
tributed, Metabolized and Excreted by the body. Small 
molecule therapeutics are typically administered orally. 
Degradation by liver enzymes and renal clearance are 
the primary components of metabolism and excretion 
for small molecules. By contrast, the parenteral route 
of administration (e.g., intravenous, intramuscular or 
subcutaneous [sc.]) is the standard route of admin-
istration (ROA) for therapeutic protein drugs due to 
poor oral delivery. With the development of more con-
venient delivery devices, outpatient sc. auto-injection 
systems have increasingly become a preferred route of 
administration.

After an sc. injection, therapeutic proteins pass 
through the interstitium and then enter the blood or 
lymphatic systems. Proteins >20 kDa are generally 
believed to be favorably absorbed into the lymphatic 
system before being transported into the vascular cir-

culation and the tissue space [42]. Systemic bioavail-
ability of peptide and protein drugs following sc. is 
quite variable, ranging from 20 to 100% [43]. For large 
protein therapeutics such as mAbs (∼150 kDa), distri-
bution is generally restricted to the blood stream and 
extracellular space with low tissue/blood ratios. If the 
target is expressed on the surface of cells, in order to 
exert their pharmacological activity, therapeutic pro-
teins have to extravasate across the endothelial walls 
of blood capillaries, pass through the interstitium and 
reach the target on the cell surface. There are many 
factors that can affect extravasation of protein drugs, 
including biological factors (i.e., capillary structure dif-
ferences, the disease state of tissue and the flow rate of 
blood),and physicochemical properties of therapeutic 
proteins (i.e., molecular size, shape, charge and polar-
ity). The abundance of binding factors (i.e., targets and 
neonatal Fc receptor (FcRn) for some mAbs) in 
tissues and the binding kinetics can also influence tis-
sue distribution of therapeutic proteins. Therapeutic 
proteins are cleared from the circulation by a number 
of different mechanisms including extracellular prote-
olysis, endocytosis (nonspecific or receptor-mediated) 
followed by intracellular degradation, antidrug 
antibody (ADA ) mediated clearance and renal excre-
tion. The biophysical properties of the therapeutic pro-
tein will dictate the predominant mechanism of clear-
ance. Binding to the cell membrane associated target 
results in the internalization of therapeutic proteins 
into lysosome compartment and thus degradation and 
clearance. This type of clearance is referred to as tar-
get-mediated drug disposition (TMDD). Therapeutic 
proteins that induce a specific antibody response (also 
see ‘Immunogenicity of therapeutic proteins’ section 
below) may result in the formation of immune com-
plexes which are cleared by either complement or Fc 
receptors.

Other factors can also affect the PK of therapeutic 
proteins. IgG mAbs with isotypes of 1, 2 and 4 can 
bind to the FcRn in the acidic (<pH 6.0) environment 
of the endosomes after pinocytosis. The bound pro-
teins are transported back to cell surface and released 
into the extracellular space at near neutral pH. This 
mechanism of FcRn-mediated recycling is used both 
by IgG antibodies and serum albumin to extend their 
half-life in circulation. Since the number of most mem-
brane targets is limited, target binding can be saturated 
at high doses of therapeutic protein; whereas FcRn is 
of high abundance and the binding is not saturable at 
most dosages. Consequently, some therapeutic proteins 
with cell membrane targets have nonlinear PK at low 
doses and linear PK at high doses.

For PK evaluation, the meaningful exposure data 
include the assessment of all active components of the 
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biological product. Measuring every variant (active or 
inactive) can be done but does not provide value-added 
data. Because the active product is not a single chemi-
cal but a mixture of closely related complex biologi-
cal substances, it is important to select a bioanalytical 
method which measures the most pharmacological 
relevant form (see sections on ‘Structural variants and 
impact on bioanalysis’ and ‘Free and bound forms and 
impact on PK assessment’).

Free & bound forms & impact on PK assessment
The majority of therapeutic proteins are designed to 
interact with specific circulating or cell membrane 
bound target proteins via noncovalent, high affinity, 
reversible binding that elicit a pharmacological effect. 
Once administered to animals or to humans, thera-
peutic proteins can bind to various components such 
as circulating target proteins, antidrug antibodies and 
other endogenous entities in circulation. As a result, 
the therapeutic proteins can co-exist in free, partially 
bound and bound forms [44]. In most cases, the forms 
which have at least one target site free of binding part-
ners (often referred as free or partially bound forms) 
are considered bioactive forms due to their target-bind-
ing potential, whereas the ‘fully bound’ forms which 
have no target binding site free are considered inactive 
forms. The levels of these circulating binding part-
ners may change with time in relation to the drug PD, 
immunogenicity or disease state.

For the assessment of therapeutic proteins, whether 
to measure free or bound levels of therapeutics con-
tinues to be an ongoing topic of discussion in the bio-
analytical community. Measurement of free drug con-
centration was considered to provide a better estimate 
of efficacious concentrations and safety margin [45]. In 
the draft US FDA guidance on ‘Clinical Pharmacol-
ogy Data to Support a Demonstration of Biosimilarity 
to a Reference Product’, it states that analytical assays 
should be able to detect the active and/or free prod-
uct instead of the total product, particularly if binding 

to a soluble ligand is a necessary step for activity and 
clinical effect [46]. The AAPS Ligand-Binding Assay 
Bioanalytical Focus Group published a White Paper 
on challenges and issues of measuring free and total 
drugs and targets, and how data should be used to sup-
port drug discovery and development [44]. The design 
of a bioanalytical method should consider which vari-
ant/form of the biotherapeutic protein should be mea-
sured to achieve the intended clinical or nonclinical 
data. This design is frequently referred to as ‘fit for 
purpose’ [47].

Immunogenicity of therapeutic protein
All biologic therapeutics have the potential to elicit an 
immune response against the drug, which is typically 
assessed by detecting for the presence of antidrug anti-
body. The risk of immunogenicity on patient safety 
is the primary concern. For example, it was reported 
that neutralizing anti-erythropoietin antibodies could 
develop in patients with anemia of chronic renal failure 
during treatment with epoetin, a recombinant human 
erythropoietin, leading to potential pure red-cell apla-
sia [48]. A death of a multiple sclerosis (MS) patient 
who had developed neutralizing antibodies (Nab) dur-
ing treatment with natalizumab was noted in another 
case report. It was speculated that the formation of 
ADA rendered the patient functionally untreated lead-
ing to a severe rebound inflammation [49]. Even though 
the cases with severe consequences are rare, regulatory 
agencies have indicated that an immunogenicity risk 
assessment should be conducted during all stages of 
therapeutic product development [50]. Furthermore, a 
strategy to mitigate immunogenicity-related adverse 
events should also be developed as the therapeutic 
product advances through clinical trials. Immunoge-
nicity risk can be subdivided into patient-specific and 
product-specific factors. Patient-specific immunoge-
nicity risk factors include dosing amount/frequency, 
route of administration and patient immune status. An 
example of product-specific factors that may be consid-
ered for immunogenicity risk assessment is presented 
in Box 1.

In addition to the safety concerns, ADA may alter 
the PK and subsequently PD of a protein. Antibody 
formation can cause either increased or decreased clear-
ance of the therapeutic protein. Furthermore, ADA 
may interfere with bioanalytical assay measurements.

Immunogenicity has been typically monitored 
by determining the presence of binding ADAs using 
immunoassays and the presence of Nabs using a bio-
logical assay. Closely monitoring the formation of 
ADA has become an integral part of biotherapeutic 
development throughout a therapeutic’s life cycle, from 
preapproval to postmarket commitment.

Box 1. Example of product-specific 
immunogenicity risk factors.

Product-specific immunogenicity risk factors
• Amino acid sequence
• Post-translational modifications
• Protein conformation
• Aggregates
• Expression system
• Formulation
• Product impurities
• Mechanism of action
• Route of administration
• Dose, frequency and duration
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Conclusion & future perspective
With an increase in the number of protein therapeutics 
that are being pursued in biopharma industry, there is 
an increasing demand placed on bioanalysis to support 
PK/PD studies. In order to apply the best bioanalytical 
strategies to meet specific study needs, it is important to 
understand the characteristics of the therapeutic proteins, 
which ‘forms’ of the analyte to measure and what factors 
may impact measurement of the protein therapeutics.

In comparison to small molecule drugs, therapeu-
tic proteins are not only larger in molecule size but 
also with higher complexity in structures. They are 
produced by cells and exist as a heterogeneous mix-
ture with variants from different post-translational 
modifications and aggregation, and are susceptible to 
changes. After being dosed into an animal or a human 
body, therapeutic proteins can undergo further struc-
tural changes, or biotransformation. In addition, due 
to biological interactions, a therapeutic molecule can 
exist as bound, partially bound, free, or high order 
complex forms. Consequently, therapeutic proteins are 

present as a mixture of closely related complex biologi-
cal substances with both active and inactive variants 
and forms inside a body. Further, all biologic thera-
peutics have the potential to elicit an immune response 
against the drug. The drug bound with antidrug anti-
bodies may or may not still retain the desirable activi-
ties. It is important to understand during assay devel-
opment what forms of the drug are most relevant to 
pharmacological assessment and which technology to 
use to measure the intended forms or variants.

Financial & competing interests disclosure
The authors received salaries from BMS, but BMS has no inter-

est or financial conflict with the subject matter or materials 

discussed in the manuscript. The authors have no other rele-

vant affiliations or financial involvement with any organization 

or entity with a financial interest in or financial conflict with 

the subject matter or materials discussed in the manuscript 

apart from those disclosed.

No writing assistance was utilized in the production of this 

manuscript.

Executive summary

• Recombinant or hybridoma technology derived therapeutic products are usually referred to as 
‘biopharmaceuticals,’ ‘biotherapeutics,’ ‘biologicals’ or ‘biologics.’

• The advances in protein engineering have resulted in an expanding diversity in the types of protein 
therapeutics. Each of the therapeutic protein modalities requires different bioanalytical strategies and 
methods that are suited for their unique physical/chemical properties.

• Understanding the relationship between post-translational modifications and the protein function is 
important to employ appropriate bioanalytical strategies to measure functionally relevant forms of the drug 
for appropriate exposure and response assessments.

• Biotransformation may confound quantification of active or other desired forms. It is crucial to understand 
which structural variants to measure and what bioanalytical technology to measure them.

• Aggregation not only can reduce yield thus impacting cost, but also has been correlated with increased 
incidences in immunogenicity and immune-mediated adverse events in patients.

• For PK evaluation, the meaningful exposure data include the assessment of all active components of the 
biological product.

• The therapeutic proteins can co-exist in free, partially bound and bound forms. The design of a bioanalytical 
method should consider which form of the biotherapeutic protein to be measured to fit for the intended 
purpose.

• Immunogenicity may alter the PK and subsequently PD of a therapeutic protein. Furthermore, antidrug 
antibody may interfere with bioanalytical assay measurements.
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Antibody–drug conjugates (ADC) are a 
re-emerging class of cancer therapeutics 
that have shown promise in treating can-
cer patients with the goal of maximizing 
therapeutic exposure at the tumor site while 
minimizing systemic exposure and the severe 
side effects of conventional chemotherapeu-
tics. The growing database for ADC-based 
targeted therapies, including monoclonal 
antibodies conjugated to DNA alkylators, 
DNA strand breakers, tubulin inhibitors and 
tubulin stabilizers [1–3], continues to broaden 
our knowledge base and provides advantages 
to the development of additional targeted 
therapy options including peptide drug con-
jugates, nanocarriers and viral drug delivery 
systems.

Randomly conjugated ADC, resulting in 
highly heterogeneous mixtures of drug prod-
uct with varying numbers of payload conju-
gated to each antibody molecule at variable 
conjugation sites, have provided significant 

challenges for the analytical community. 
One of the challenges to the bioanalytical 
community is whether to develop assays that 
are sensitive or insensitive to the drug anti-
body ratio (DAR). There are a wide variety of 
opinions currently in debate, but there is yet 
to be a consensus on which is more correla-
tive with safety and efficacy parameters. Fur-
thermore, this may be different for different 
ADC. There are many valuable case studies 
in the literature that we can use to guide our 
evolving bioanalytical strategies for quantify-
ing ADC [4–8], however, the complex nature 
of ADC along with the potential for activity 
modulating biotransformation events cur-
rently necessitates a multianalyte bioana-
lytical strategy comprised of measuring the 
intact ADC (Ab conjugated to payload), total 
Ab and unconjugated payload.

This manuscript describes the validation 
of the three ligand binding bioanalytical 
assays utilizing highly specific reagents piv-
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otal to our current bioanalytical strategy to measure 
total antibody, active ADC and total ADC. The total 
antibody (Ab) assay measures total circulating thera-
peutic antibody irrespective of the presence or absence 
of conjugated payload or payload metabolites.

[Total Ab] = [Active ADC] + [Inactive ADC] + 
[unconjugated Ab]

The active ADC assay measures free or partially free 
antibody (one or both arms of the antibody are not 
bound to soluble target [9]) conjugated to active pay-
load. When developed for quantitative payload sensi-
tivity, the active ADC ligand-binding assay (LBA) can 
be used to determine DAR and should be highly analo-
gous to the antibody conjugated payload assay mea-
sured via immunocapture LC–MS/MS (IC-LC–MS/
MS). The total ADC assay measures free or partially 
free antibody [9] conjugated to active payload or conju-
gated to inactive payload metabolites. 

[Total ADC] = [Active ADC] + [Inactive ADC].
It is likely that site specific technologies will further 

impact bioanalytical strategies. As ADC and other 
multiple domain therapeutics become more homo-
geneous through the implementation of site specific 
conjugations [10,11], analytical methods for character-
izing those therapeutics become less complex. Limited 
information is available in the literature for ADC that 
have payload that undergo modification exclusive from 
deconjugation as is the case discussed in this manu-
script, preceding manuscripts [12,13] and manuscripts 
in preparation  [Wang  et  al. Antibody–drug conjugate bio-

analysis using lb-lc–ms/ms hybrid assays: strategies, method-

ology and complementarity to lba (2016), Submitted] . These 
biotransformation events can have significant impact 
on the potency of the molecule, making it important 
to differentiate between the resulting active and inac-
tive analytes. Antipayload antibodies that specifically 
recognize the parental active version of the payload and 
the metabolized/inactive version of the payload greatly 
facilitate the measurement of pharmacologically rel-
evant ADC.

Experimental
LBAs: total Ab, active ADC & total ADC
All of the LBAs were technically and operationally har-
monized to improve efficiency and data integration as 
described in Myler et al. [12] and in the methods sec-
tions below. In brief, the same standards, quality con-
trols (QC), patient samples, capture Ab and buffers 
were used for all analytes measured in the LBA assays. 
Distinct detection Abs were used to provide analyte 
specificity for the active ADC, total Ab, or total ADC 
analytes. A single, 20-μl aliquot was used to generate 
results for all three analytes. Additionally, the anti-
body conjugated payload immunocapture-LC–MS/

MS assay described in Liu et al. [13] uses the same 
capture antibody as the three LBA to provide further 
continuity.

Nonclinical toxicokinetic methods
The nonclinical methods used to support the GLP 
toxicology studies utilized a sandwich immunoassay 
format and the standard MULTI-ARRAY® microplate 
(Meso Scale Discovery [MSD], Gaithersburg, MD) 
platform. Nonclinical method details are described in 
Myler et al. [12].

Clinical pharmacokinetic methods
The following instruments, chemicals, noncritical 
reagents and matrices were used: EZ-Link™ NHS-
LC–LC-Biotin (Thermo Scientific, MA, USA), Alexa 
Fluor647 NHS ester (Succinimidyl Ester; Thermo 
Scientific, MA, USA), Human Serum, CD-1 mouse 
serum (Bioreclamation), 10% Tween-20 (Thermo Sci-
entific, MA, USA), Glycine (JT Baker, PA, USA), 10% 
sodium dodecyl sulfate (SDS; Life Technologies, NY, 
USA), Immunoassay Diluent (ANP Tech., DE, USA), 
Milli-Q ‘Synthesis’ Water Treatment/Purification Sys-
tem (EMD Millipore, MA, USA), Stericup-GP, 0.22 
μm, polyethersulfone, 1000/1000 ml, radiosterilized 
filters (EMD Millipore).

A mouse anti-idiotype (anti-Id) monoclonal anti-
body was biotinylated [12] and used as the capture 
reagent for all ADC analytes. The same anti-id Ab was 
also conjugated to Alexa-647 and used as a detection 
reagent for the total Ab assay. An antipayload mAb 
that binds specifically to only the active form of the 
payload (described above) was conjugated to Alexa-
647 (Thermo Scientific, MA, USA) and used to detect 
the active ADC analyte. An antipayload mAb that 
binds to both the active and inactive form of the pay-
load was conjugated to Alexa-647 NHS ester (Thermo 
Scientific, MA, USA) and used to detect the total 
ADC analyte.

The clinical method for quantitation of active ADC, 
total Ab and total ADC utilized Bioaffy 1000 micro-
fluidic CDs containing streptavidin-coated columns 
with a Gyrolab xP Workstation (Gyros Inc, Uppsala, 
Sweden). Each automated Gyros run was executed 
using the Gyrolab control software (version 5.4). Three 
Gyrolab runs were utilized to measure the unique ADC 
analytes. Two wash solutions were used for all Gyrolab 
runs. Wash solution 1 consisted of 0.05% Tween 20 in 
PBS and was connected to station 1 and also used as 
the hydraulic solution for sample and reagent needles. 
Wash solution 2 consisted of 50 mM glycine, 0.5% 
SDS, pH 9.5 and was connected to wash station 2. All 
wash solutions were filtered prior to use. The mini-
mum required dilutions (MRD) for all analytes were 
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prepared with immunoassay diluent containing 2% 
CD-1 mouse serum. The MRD for the active ADC 
assay was 1:20, total Ab assay was 1:50 and total ADC 
assay was 1:100. Total Ab and total ADC MRD were 
prepared from the active ADC MRD.

All Gyros runs were executed as laboratory infor-
mation management system (LIMS) runs, and work 
lists were generated by PPD Laboratories® proprietary 
LIMS (Assist LIMS, Version 5.4). Gyros runs for the 
active ADC and total ADC analytes utilized a three-
step Gyrolab method (Capture-Analyte-Detection) 
with a PMT gain of 5%. The capture Ab for the 
active ADC and total ADC analytes was diluted to 
100 μg/ml in Immunoassay Diluent. Rexxip F Buffer 
(Gyros Inc.) was used to dilute the active ADC detec-
tion Ab (4 μg/ml) and the total ADC detection Ab 
(0.5 μg/ml). For the total Ab, a master mix containing 
50 μg/ml biotin- and Alexa-647-conjugated anti-Id 
Ab was mixed with an equivalent volume of the total 
Ab MRD and then incubated for 30–120 min prior 
to loading sample plates and initiating the run on the 
Gyrolab xP workstation. The Gyros run for the total 
Ab analyte used a one-step Gyrolab method with PMT 
gain of 5% to deliver samples containing the bridged 
complexes to the CDs. A four parameter logistic regres-
sion curve with 1/Y2 weighting was used to calculate 
the concentrations of active ADC, total Ab, total ADC 
in the samples.

Method validation experimental design
Bioanalytical methods employed to support regulated 
studies such as IND-enabling toxicology studies and 
clinical studies are validated according to specified 
criteria as defined in various Bioanalytical Method 
Validation Guidance’s and Guidelines [4,14–17]. Stan-
dard parameters to be assessed include: intra- and 
interassay accuracy and precision, selectivity, specific-
ity, dilutional integrity and/or carryover, and stability. 
Acceptance criteria for these parameters can be found 
in the cited guidance’s but generally consist of preci-
sion requirements of ≤20% coefficient of variation 
(%CV) and accuracy within ±20% bias (or difference 
from theoretical). Experimental design and criteria 
details described below pertain specifically to the clini-
cal assay validation but are highly comparable to that 
used for the nonclinical assay validation.

Accuracy & precision
Intra- and inter-assay accuracy and precision are evalu-
ated as described in DeSilva et al. [4]. All validation 
samples were prepared in 100% matrix prior to per-
forming the MRD. Standard levels included: 100 
(low anchor point), 200 (LLOQ), 400, 800, 1600, 
3200, 6400, 12,800 (ULOQ) and 25,600 ng/ml 

(high anchor point). QC levels included: LLOQ at 
200 ng/ml; low QC (LQC) at 600 ng/ml; mid QC 
(MQC) at 2000 ng/ml; high QC (HQC) at 10,000 
ng/ml and ULOQ at 12,800 ng/ml. QCs at each level 
were analyzed (n ≥ 3) in six separate runs each assay. 
The dilution QC at 128,000 ng/ml, was diluted 1:50 
in 100% human serum prior to performing the MRD. 
The intra-assay and inter-assay precision (%CV) of 
the LLOQ was required to be ≤25.0%; precision at 
all other levels were required to be ≤20.0%. The intra-
assay and interassay accuracy as assessed by % differ-
ence from theoretical (DFT) or bias at the LLOQ was 
required to be within ±25.0% and within ±20.0% at 
all other levels. Total error (precision + |accuracy|, or 
TE) was required to be ≤ 40.0% at the LLOQ and 
≤30.0% at all other levels.

Selectivity
Matrix samples from at least ten individual human 
donors from each of the applicable patient popula-
tions including healthy human donors, ovarian can-
cer patients, mesothelioma patients, pancreatic cancer 
patients, non-small-cell lung cancer patients and gas-
tric cancer patients were analyzed at blank, LLOQ and 
HQC levels to evaluate assay selectivity.

Eighty percent of the blank samples from each 
population were required to quantitate less than the 
LLOQ. For each population indicated above, at least 
80.0% of the samples at the LLOQ level were required 
to quantitate within ±25.0% of the theoretical value, 
and at least 80.0% of the samples at the HQC level 
were required to quantitate within ± 20.0% of the 
theoretical value.

Runs containing selectivity samples must also con-
tain pooled matrix controls prepared at equivalent 
concentrations (LLOQ and HQC). For each run con-
taining selectivity samples at the LLOQ level, at least 
two of the three pooled matrix control replicates at the 
LLOQ were required to quantitate within ±25.0% of 
the theoretical value and have a %CV ≤25.0%. For 
each run containing selectivity samples at the HCQ 
level, at least two of the three pooled matrix control 
replicates were required to quantitate within ±20.0% 
of the theoretical and have a %CV ≤20.0%. Selectiv-
ity samples analyzed in runs containing pooled matrix 
control samples (at the same level) that failed to meet 
the above acceptance criteria were re-evaluated in a run 
with acceptable controls.

Selectivity testing was also done in hemolytic and 
lipemic samples. To evaluate the effect of sample hemo-
lysis on study sample quantitation, low and high QCs 
were prepared in matrix hemolyzed to approximately 
1100 mg/dl free hemoglobin and analyzed (n = 6 
each level). To evaluate the effect of lipemia on study 
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sample quantitation, low and high QCs were prepared 
in lipemic matrix with >300 mg/dl triglycerides and 
analyzed (n = 6 each level). The %CV and mean accu-
racy was required to be ≤20.0% and within ±20.0%, 
respectively. The blank hemolyzed matrix was required 
to quantitate below the LLOQ.

Specificity
Anticipated supraphysiological levels of soluble tar-
get (0, 10.0, 30.0, 90.0 270, 810, 2430, 7290 ng/ml), 
inactive ADC (0.00, 400, 1200, 1800 ng/ml), uncon-
jugated Ab (0.00, 400, 1200, 1800 ng/ml) and anti-
drug antibody (ADA; 0.00, 16.0, 80.0, 400, 2000 
and 10,000 ng/ml) were evaluated minimally at the 
blank, LQC and HQC levels to assess interference in 
the total antibody, total ADC and active ADC assays. 
Each interference sample (drug plus potential interfer-
ing factor), prepared in pooled serum, was incubated 
at 37°C for at 1–2 h and then frozen at -80°C ± 10°C 
prior to analysis. Noninterference of the compounds 
was demonstrated if the interference sample was within 
±20.0% of the theoretical value. The ADA used in 
this experiment was an affinity purified polyclonal Ab 
derived from hyperimmunized rabbit serum. Rabbits 
were immunized with drug substance.

The inactive ADC reagent was a discovery grade 
reagent used to provide qualitative results and facilitate 
a better understanding of the specificity of each of the 
total Ab, total ADC and active ADC assays. Although 
quantitative acceptance criteria were not applied to the 
inactive ADC interference evaluations, inactive ADC 
concentrations were expected to be additive for the 
total Ab and total ADC assays. To demonstrate speci-
ficity of the active ADC assay for active analyte only, 
inactive ADC was required to not be measurable in 
blank control samples or to positively bias LQC and 
HQC samples. In order to determine a lack of inter-
ference of the inactive ADC (metabolite or impurity) 
in the active ADC assay, inactive ADC was required 
to not interfere in the quantitation of the active ADC 
high and low QCs.

The results for unconjugated Ab were expected to 
be additive for the total Ab assay only. In order to 
determine a lack of interference of the unconjugated 
Ab (metabolite or impurity) in the total ADC and 
active ADC assays, unconjugated Ab was required to 
not interfere in the quantitation of the total ADC and 
active ADC high and low QCs.

Stability
The following stability conditions were evaluated: 
long-term stability in frozen matrix, freeze–thaw 
stability, analyte stability in thawed matrix and pro-
cessed sample stability. Stability samples were spiked 

at the HQC, LQC and Dil QC levels in pooled nor-
mal human serum. For all stability tests five values 
were required to calculate stability statistics for each 
QC level tested and the %CV and the mean accuracy 
of the replicate determinations were required to be 
≤20.0% and within ± 20.0%, respectively.

The effect of freezing the analyte in biological 
matrix and storing samples in this condition over an 
extended period of time was evaluated by analyzing 
low, high, and Dil QCs (n = 6) stored in a cryofreezer 
to support cryofreezer storage and stored in a freezer 
to support freezer storage. Long-term stability ≥12 
months is ongoing.

The influence of the physical processes of freezing 
and thawing on analyte stability in biological matrix 
was evaluated by subjecting low, high, and Dil QCs 
(n = 6) to eight freeze–thaw cycles (8FT). For the first 
freeze–thaw cycle, samples were maintained at -80°C 
for a minimum of 24 h and for subsequent cycles, the 
samples are held in the freezer for at least 12 h. Follow-
ing each freezer cycle, the samples are removed from 
the freezer until completely thawed.

To evaluate whether holding samples in a thawed 
state at room temperature for at least 6 h or on wet 
ice for at least 24 h adversely affects analyte stability 
in biological matrix, low, high and Dil QCs (n = 6) 
were maintained frozen for a minimum of 24 h and 
then thawed and maintained at room temperature for 
at least 6 h or on wet ice for at least 24 h.

To evaluate whether holding samples that have been 
diluted in the minimum required dilution (MRD) 
buffer adversely affects analyte stability, low, high and 
Dil QCs (n = 6) were diluted to the MRD with MRD 
buffer and then maintained at least 16 h at room tem-
perature. Additional sets of processed stability samples 
(n = 6) were diluted to the MRD in MRD buffer and 
maintained for 24 and 48 h at 2–8°C.

Dilutional integrity & hook effect
The ability to dilute study samples >ULOQ was evalu-
ated by preparing a Dil QC at or above the estimated 
maximum concentration (C

max
) of ADC in study 

samples and diluting it into assay range. The Dil QC 
was prepared by spiking reference material into pooled 
normal human serum to achieve a concentration of 
128,000 ng/ml drug in at least 98% serum. Serial dilu-
tions were prepared by diluting the Dil QC in 100% 
pooled normal human serum prior to diluting to the 
MRD. The dilution series extended above and into the 
range of quantitation and were analyzed at 128,000 
ng/ml (Dil 1), 32,000 ng/ml (Dil 4), 8000 ng/ml (Dil 
16), 2000 ng/ml (Dil 64) and 500 ng/ml (Dil 256).

The %CV and the mean accuracy for each dilution 
QC replicate was required to be ≤20.0% for those dilu-
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tions within the range of quantitation. For dilutions 
where the expected response after dilution is above 
the highest calibration curve point, the result was 
required to read above the highest calibration standard 
or greater than the ULOQ. Samples with concentra-
tions of analyte greater than the ULOQ that quanti-
tate within the range of quantitation are indicative of a 
prozone or hook effect.

Carryover
To evaluate the potential carryover of transfer needles, 
a QC pool prepared at the LLOQ and diluted to the 
MRD in MRD buffer was transferred from the sample 
plate to the CD by all eight sample needles (one rep-
licate; 2 CD structures) before and immediately after 
each needle had transferred one replicate (two CD 
structures) of a Dil QC sample (128,000 ng/ml) from 
the sample plate to the Gyros CD. Thee-fourths of the 
LLOQ samples transferred before and after the Dil 
QC were required to have %CV and mean accuracy 
values ≤25.0% and within ± 25.0%, respectively.

DAR sensitivity
Due to the discovery grade quality of the DAR 
reagents, DAR sensitivity testing was done outside of 
the formal validation as part of method development 
to further characterize the active ADC assay which is 
the assay thought to best correlate with safety and effi-
cacy. The standards and QCs were prepared from ref-
erence material (mean DAR 3.0) and drug substance 
with mean DAR of 3.9, 2.0, 1.7 and 0.8 were evaluated 
at the low, middle and high ends of the standard curve. 
Purified DAR species testing is in progress and will be 
included in a subsequent manuscript.

Results & discussion
The bioanalytical strategy consisted of several inde-
pendent measures of the ADC including: total anti-
body, active ADC, total ADC, Ab-conjugated payload, 
unconjugated payload, soluble/shed target, a panel of 
biomarkers indicative of programmed cell death and 
a series of immunogenicity assays designed to eluci-
date antidrug antibody specificity and is described in 
Myler et al. [12]. The three LBA used to assess PK were 
technically and operationally harmonized to maxi-
mize functionality and data integration. To further 
increase efficiency in the clinical setting, the platform 
was changed from a plate-based electrochemilumines-
cense platform to a CD-based microfluidics platform 
that required only a single, 20 μl aliquot to generate 
results for the three analytes. The same standards, 
QCs, patient samples, capture Ab and buffers were 
used for all analytes. Distinct detection Abs were used 
to provide specificity for the active ADC, total Ab, or 

total ADC analytes. Each sample was diluted to the 
analyte-specific MRD and was run in accordance with 
Figure 1. The diluted samples were loaded onto the 
Gyrolab and analyzed for active ADC, total Ab and 
total ADC in series. The bridging incubation for the 
total Ab occurred during the active ADC run time 
so as to eliminate down time due to incubation steps. 
Each CD has a run time of 1 h, enabling the generation 
of approximately 200 results in 7 h by a single analyst 
(6-h run time and 1-h sample preparation).

Validation results
The assays described herein were validated in accor-
dance with current global regulatory guidance’s [14–17] 
and are consistent with applicable white papers [7].

Accuracy & precision
The assay range for the three clinical assays (LLOQ at 
200 ng/ml to ULOQ at 12,800 ng/ml) was established 
and validated so that clinical sample dilution was min-
imized, thereby maximizing operational efficiency.

Table 1 provides a summary of the clinical validation 
accuracy and precision data for the active ADC, total 
Ab and total ADC assays. For all 3 LBA, total error 
ranged from 4.4 to 21.4, %Bias ranged from -2.6 to 
13.8 and %CV (interassay) ranged from 3.8 to 10.7. For 
the active ADC alone, total error ranged from 6.6 to 
16.8, %Bias ranged from 2.0 to 8.9 and %CV (interas-
say) ranged from 3.8 to 7.9, well within the acceptable 
limits per regulatory guidelines. Supplementary Table 1 
provides a validation summary for the nonclinical vali-
dation of the total Ab and active ADC assays in rat and 
monkey serum. For all LBA in both nonclinical species 
matrix, total error ranged from 3 to 15, %Bias ranged 
from -8 to 10 and %CV (interassay) ranged from 3 to 
9. All parameters tested including accuracy and pre-
cision, robustness, hook effect, dilutional integrity, 
selectivity, specificity and stability met acceptance cri-
teria. Additionally, 54/54 (100%) of the total Ab and 
52/54 (96%) of the active ADC samples met incurred 
sample reanalysis (ISR) criteria, were within 30% of 
the original value.

Selectivity
Over 80% of samples prepared at LLOQ & HQC lev-
els in healthy human donor, ovarian cancer, mesotheli-
oma, pancreatic cancer, non-small-cell lung cancer and 
gastric cancer patient serum met acceptance criteria, 
within ±25% bias at LLOQ and ±20% bias at HQC; 
100% of blank samples < LLOQ (Figure 2). There was 
no effect from hemolysis, ≥1100 mg/dl of hemoglobin, 
or lipemia, >300 mg/dl triglycerides, on the quantita-
tion of the active ADC, total Ab, or total ADC (data 
not shown).
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Figure 1. Automated GyrolabTM xP workstation enabled development of single, multianalyte PK Method: 192 
results in 7 h by one analyst.
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Specificity
Target sensitivity
The relevance of soluble and/or shed target levels in 
the ADC PK assays are described in greater detail in 
Myler et al. [12]. The clinical assay validation results for 
this parameter are described herein. Shed target has no 
impact on samples that do not contain ADC. In the 
active ADC and total Ab assays, no interference was 
observed for the LQC with soluble target ≤90 ng/ml 
(10, 30 and 90 ng/ml); negative bias was observed for 
LQC spiked with soluble target ≥270 ng/ml (270, 810, 
2430 and 7290 ng/ml). No interference was observed 
for HQC spiked with soluble target ≤810 ng/ml (10, 
30, 90, 270 and 810 ng/ml); negative bias observed 
for HQC spiked with soluble target at 2430 and 
7290 ng/ml. In the total ADC assay no interference 
was observed for the LQC spiked with soluble target 
≤270 ng/ml (10, 30, 90 and 270 ng/ml); negative 
bias was observed for LQC spiked with soluble target 
≥810 ng/ml (810, 2430 and 7290 ng/ml). No interfer-
ence was observed for HQC spiked with soluble target 
≤2430 ng/ml (10, 30, 90, 270, 810 and 2430 ng/ml); 
negative bias was observed for HQC spiked with solu-
ble target at 7290 ng/ml. As discussed previously, the 
measurement of free (at least one Ab arm not bound 
to target) active (nonmetabolized payload) ADC is the 
desired measurement as this allows for a more accurate 
determination of bioactive ADC.

Anti-drug antibody interference
ADA impact on PK is assessed during method valida-
tion by spiking an ADA positive control into high and 
low quality controls. The impact of ADA on exposure 
response analysis is described in the literature and was 
recently addressed by the global bioanalytical consor-
tium [18]. No interference was observed at the blank 
or HQC spiked with ADA up to 10,000 ng/ml (16, 
80, 400, 2000 and 10,000 ng/ml). In the active ADC 
assay, no interference was observed for LQC spiked 
with ADA ≤400 ng/ml (16, 80 and 400 ng/ml); nega-
tive bias was observed for LQC spiked with ADA at 
2000 and 10,000 ng/ml. In the total Ab and total ADC 
assays, no interference observed for LQC spiked with 
ADA ≤2000 ng/ml (16, 80, 400 and 2000 ng/ml); 
negative bias was observed for LQC spiked with ADA 
at 10,000 ng/ml.

Analyte specificity & impurity/metabolite 
tolerance
To test the specificity of the active ADC, total Ab and 
total ADC assays, drug product with a mean DAR of 
3.0 was spiked with increasing levels of inactive ADC 
that had chemically inactivated payload or unconju-
gated Ab that had no payload. Inactive ADC should be 
detectable in the total Ab and total ADC assays only. 
Unconjugated Ab should only be detectable in the 
total Ab assay. Impurity and or metabolite levels were 

1000 nl BioaffyCDMRD (1:20)

MRD (1:100)

MRD (1:50)

20 µl

Active ADC capture 
and detection Abs

Total ADC capture 
and detection Abs

(3) Total ADC
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selected based upon the nonclinical primate model 
where active ADC was shown to comprise 20–25% of 
the heterogeneous mixture 504 h after dosing [12].

The presence of inactive ADC or unconjugated Ab 
was not expected to interfere with or positively bias the 
quantitation of the active ADC analyte, because the 
detection Ab for active ADC assay is specific for the 
active form of payload. The results presented in Table 2 
show that all blank samples spiked with increasing lev-
els of inactive ADC or unconjugated Ab impurity or 
metabolite quantitated below the LLOQ, and that all 
LQC and HQC samples spiked with increasing levels 
of impurity or metabolite quantitated within ± 20% of 
the nominal ADC concentration, demonstrating spec-
ificity for the active payload and insignificant interfer-
ence from unconjugated Ab and inactive ADC when 
spiked at up to 75% of the heterogeneous mixture.

Inactive ADC and unconjugated Ab were both 
expected to be measurable in the total Ab assay. The 
expected result for the total Ab assay spiked with 
unconjugated Ab was expected to be equal to the sum 
of the nominal concentration of ADC and unconju-
gated Ab. The results presented in Table 3 show that 

all samples spiked with increasing levels of unconju-
gated Ab quantitated within ± 20% of the expected 
result [ADC + unconjugated Ab], demonstrating equal 
quantitation of unconjugated Ab and Ab conjugated to 
payload (mean DAR of 3.0) in the total Ab assay at up 
to 75% unconjugated Ab impurity or metabolite. The 
concentration of unconjugated Ab was not accounted 
for in the analytical specifications for the inactive ADC 
reagent. Thus, over-recovery was anticipated in the 
total Ab assay and only qualitative data was reported 
for this impurity. Results presented in Table 3 indicate 
that increasing concentrations of the inactive ADC 
in samples prepared at blank, low and high QC levels 
resulted in cumulative increases in measured concen-
trations of total Ab. It is understood that higher levels 
of unconjugated Ab impurity exist in this formulation 
than were accounted for in the specifications and/or 
calculations, thus resulting in over-recovery in the total 
Ab assay.

The presence of unconjugated Ab was not expected 
to interfere with or positively bias the quantitation of 
the total ADC analyte, because the detection Ab for 
total ADC assay is specific for the payload. The results 

Table 1. Clinical assay accuracy and precision.

Analyte
 

Sample
 

Nominal 
conc. (ng/ml)
 

Precision Accuracy Total error

Intra-assay 
%CV

Interassay 
%CV

Mean %Bias (Mean %Bias) + 
Interbatch %CV

Active ADC LLOQ 200 3.8 3.8 3.4 7.2

 LQC 600 5.9 6.2 2.6 8.7

 MQC 2000 4.5 4.5 2.1 6.6

 HQC 10,000 6.4 6.8 5.3 12.0

 ULOQ 12,800 4.5 5.2 2.0 7.2

 Dil QC 128,000 2.8 7.9 8.9 16.8

Total Ab LLOQ 200 6.4 9.4 -2.6 12.0

 LQC 600 4.8 6.6 2.6 9.2

 MQC 2000 5.1 5.1 2.9 8.0

 HQC 10,000 3.2 4.7 3.1 7.9

 ULOQ 12,800 1.9 3.9 0.5 4.4

 Dil QC 128,000 2.1 6.8 5.8 12.5

Total ADC LLOQ 200 3.1 4.3 3.2 7.5

 LQC 600 3.4 4.9 3.6 8.5

 MQC 2000 4.9 5.7 1.7 7.4

 HQC 10,000 4.2 7.6 13.8 21.4

 ULOQ 12,800 5.1 10.7 10.0 20.7

 Dil QC 128,000 3.5 9.8 10.5 20.3

n = 18, 6 runs, three replicates each run.

%CV = (standard deviation/mean) ×100;

%Bias = (mean calculated concentration-nominal concentration)/nominal concentration × 100 or;

%Bias = (mean calculated concentration/ nominal concentration)-1] × 100 (calculation used in above data table).
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Figure 2. Clinical assay selectivity. Open circles indicate ovarian cancer; open diamonds indicates mesothelioma; open squares indicate 
non-small-cell lung cancer; closed circles indicate pancreatic cancer; closed diamonds indicate gastric cancer; closed squares indicate 
healthy human serum. In each panel, the color-matched percentages listed above each population denote the percent of individuals 
with acceptable %Bias. Overall results for all individuals are listed at the bottom of each graph.
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presented in Table 4 show that all blank samples spiked 
with increasing levels of unconjugated Ab quantitated 
below the LLOQ, and that all LQC and HQC samples 
spiked with increasing levels of this impurity/metab-
olite quantitated within ±20% of the nominal ADC 
concentration, demonstrating specificity for Ab con-
jugated to payload and insignificant interference from 
unconjugated Ab impurity/metabolite at up to 75% 
of the heterogeneous mixture. Although quantitative 
acceptance criteria were not applied to inactive ADC 
interference evaluations due to the discovery grade 
nature of this reagent, as described above, the result of 
increasing inactive ADC concentrations was expected 
to be additive in the total ADC assay. Results presented 
in Table 4 indicate that increasing concentrations of 
the inactive ADC in samples prepared at blank, low, 
and high QC levels resulted in cumulative increases in 
measured concentrations of total ADC. The DAR nor-
malized data are shown and indicate acceptable % bias; 
however, these data are only included for informational 
purposes as quantitative criteria were not applied in the 

validation. DAR normalization is discussed in greater 
detail in the DAR sensitivity section below.

In summary, the total Ab assay, Table 3, is DAR 
independent and thus does not require normalization 
based upon DAR. The active ADC and total ADC 
assays are DAR dependent or DAR sensitive, and thus 
do require normalization based upon DAR (Table 4). 
The active ADC and total ADC assays are insensi-
tive to unconjugated Ab and thus the presumed addi-
tional unconjugated Ab in the inactive ADC reagent 
has no impact on the these assays. The total Ab assay, 
however, is sensitive to unconjugated Ab thus the 
over-recovery due to presumed levels of unconjugated 
Ab impurity.

Analyte stability
A set of low, high and Dil QCs (n = 3 vials each) 
were tested in each assay, active ADC, total Ab and 
total ADC, under a variety of conditions to establish 
analyte stability in the applicable matrix including: 
frozen serum stability (ongoing at -70°C and -20°C), 
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thawed serum stability (6 h at RT and 24 h on wet 
ice), processed sample stability (post MRD; 16 h at 
RT and 48 h at 2–8°C), and freeze–thaw stability 
(eight cycles). All sample data met the criteria, within 
± 20% bias, for demonstrating stability under these 
conditions. The %Bias data is summarized in Table 5. 
Stability in the active ADC assay shows that the pay-
load is not hydrolyzed nor is the linker cleaved under 

these conditions. Similarly, stability in the total ADC 
assay supports that the linker is not cleaved under 
these conditions. Stability in the total Ab assay indi-
cates that the target binding region is still intact. 
These stability data have been cumulatively graphed 
in Supplementary Figure 1 to show the comparabil-
ity of stability in each of the assays for each of the 
analytes.

Table 2. Active ADC assay specificity: impact of impurities and metabolites.

Spiked conc. (ng/ml) Expected result 
(ng/ml)
 

Observed result 
(ng/ml)
 

%Bias from 
expected
 

ADC (DAR 3.0) Unconjugated 
Ab

Inactive ADC

0 400 0 0 <LLOQ N/A

0 1800 0 0 <LLOQ N/A

0 0 400 0 <LLOQ N/A

0 0 1800 0 <LLOQ N/A

600 400 0 600 573 -4.5

600 1800 0 600 597 -0.5

600 0 400 600 647 7.9

600 0 1800 600 581 -3.1

10,000 400 0 10,000 9044 -9.6

10,000 1800 0 10,000 8686 -13.1

10,000 0 400 10,000 9349 -6.5

10,000 0 1800 10,000 8339 -16.6

The active ADC assay measures Ab conjugated to active payload only with insignificant interference from up to 75% unconjugated Ab and 

inactive ADC metabolites and/or impurity.

Table 3. Total antibody assay specificity: impact of impurities and metabolites.

Spiked conc. (ng/ml) Expected result 
(ng/ml)
 

Observed result 
(ng/ml)
 

%Bias from 
expected
 

ADC (DAR 3.0) Unconjugated 
Ab

Inactive ADC

0 400 0 400 475 18.9

0 1800 0 1800 2051 13.9

0 0 400 400 574 Detectable

0 0 1800 1800 2258 Detectable 

600 400 0 1000 1025 2.5

600 1800 0 2400 2557 6.6

600 0 400 1000 1250 Detectable

600 0 1800 2400 2907 Detectable

10,000 400 0 10,400 11,788 13.3

10,000 1800 0 11,800 12,970 9.9

10,000 0 400 10,400 11,762 Detectable

10,000 0 1800 11,800 13,534 Detectable

The total antibody assay measures all Ab related species, Ab conjugated to active payload (active ADC), Ab conjugated to inactive payload 

(inactive ADC) and Ab w/ no payload (unconjugated Ab).

Over-recovery of the inactive ADC is attributed to levels of unconjugated Ab impurity that were not accounted for in the specifications. 

Quantitative criteria were not applied to this analyte during validation.
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Dilutional integrity & Hook effect
The Dil QC containing 128,000 ng/ml was assessed 
undiluted and at 4-, 16-, 64- and 256-fold dilutions. 
All results within the assay range, that is diluted at least 
16-fold in 100% human serum prior to the MRD, were 
within ± 20% bias in all three assays. Dilutions where 
the concentration after dilution were above the highest 
calibration curve point, were >ULOQ, thus there was no 
‘hook effect’ observed at concentrations up to 128,000 
ng/ml (data not shown).

Carryover
The potential carryover of transfer needles was evaluated 
by transferring LLOQ QC samples from the sample 
plate to the CD by all eight sample needles before and 
immediately after each needle transferred one replicate 
of Dil QC (128,000 ng/ml) from the sample plate to the 
CD. As shown in online available Supplementary Table 2, 
there was no evidence of carryover in any of the three 
assays (active ADC data shown).

DAR sensitivity
DAR sensitivity was tested in the active ADC assay by 
spiking nominal low or high concentrations of various 
DAR species into the assay including mean DAR 0.8, 
1.7, 2.0 and 3.9, normalizing the results for DAR and 
assessing the %Bias. As shown in Table 6, the active 
ADC assay is shown to be quantitatively proportional 
for each DAR species. For example, DAR 0.8 is 27% 

of DAR 3.0, the calibrator DAR, thus the normalized 
expected result for a DAR 0.8 species would be 27% of 
the nominal concentration. At a nominal concentration 
of 1570 ng/ml DAR 3.0, DAR 0.8 would be expected to 
yield 27% of that or 419 ng/ml. The observed result for 
these conditions was 432 ng/ml resulting in a 3% bias. 
DAR species, 0.8 through 3.9, were tested at nominal 
concentrations of 1570 ng/ml and 6820 ng/ml, trans-
lating to 419 through 8866 ng/ml once DAR normal-
ized. All except one of the conditions tested had %bias 
within ±20%. Due to the discovery grade quality of 
these DAR species, these evaluations were done in 
method development and were not performed dur-
ing method validation. The characterization of DAR 
species, including the distribution around the mean 
DAR value is likely to impact the quality of associated 
results, so caution should be taken when carrying out 
these experiments and analyzing associated data.

In addition to the in vitro testing of individual DAR 
species discussed above, in vivo testing also shows 
the active ADC assay to be quantitatively DAR pro-
portional as demonstrated by the parallelism to the 
Ab-conjugated payload immunocapture LC–MS/MS 
(Supplementary Table 3). More detail on this can be 
found in Myler et al.

Conclusion
The inherent complexity of randomly conjugated 
ADC, exacerbated by in vivo processing, necessitates 

Table 4. Total ADC assay specificity: impact of impurities and metabolites.

Spiked conc. (ng/ml) Expected result 
(ng/ml)
 

Observed result 
(ng/ml)
 

%Bias from 
expected
 

ADC (DAR 3.0) Unconjugated 
Ab

Inactive ADC 
(DAR 2.2)

0 400 0 <LLOQ <LLOQ N/A

0 1800 0 <LLOQ <LLOQ N/A

0 0 400 293 287 -2.0

0 0 1800 1320 1066 -19.2

600 400 0 600 576 -4.0

600 1800 0 600 645 7.5

600 0 400 893 911 2.0

600 0 1800 1920 1630 -15.1

10,000 400 0 10,000 11,255 12.6

10,000 1800 0 10,000 11,216 12.2

10,000 0 400 10,293 11,445 11.2

10,000 0 1800 11,320 12,116 7.0

The total ADC assay measures Ab conjugated to active and inactive payload with insignificant interference from up to 75% unconjugated Ab 

metabolites and/or impurity.

Quantitative criteria were not applied to the inactive ADC analyte during validation due to the discovery grade nature of this reagent. The 

expected results are normalized for DAR 2.2 calibrated to the DAR 3.0 calibration curve. The impact of DAR on ADC quantitation is discussed 

in greater detail below.
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the implementation of a series of bioanalytical meth-
ods to adequately describe the pharmacological and 
PK properties. Each assay described herein provides 
information about a particular ADC species present 
in circulation at any given time. It is important to 
understand the quantitative relationships among the 
different ADC species which, in combination with the 
bioanalytical data, can be accomplished through PK 
modeling and simulation approaches [19,20].

The automated microfluidic Gyrolab platform 
allowed for the development and validation of a single 
method that could be run by a single analyst to quanti-
tate all three ADC analytes, active ADC, total Ab and 
total ADC, in series in under 4 h using a single 20 µl 
sample (Figure 1). This semiautomated, single method, 
multianalyte approach offered efficiency gains over 
other more laborious methods by reducing the docu-
mentation and perhaps more significantly reducing the 
sample processing burden while substantially increasing 
analyst throughput. The assays were determined to meet 
all validation criteria as described in the health authority 
guidance’s on bioanalytical method validation [14–17].

Future perspective
As the number of ADC in the clinic is increasing, 
bioanalytical strategies to identify and quantitate 
ADC analytes for PK analysis continues to evolve. 
At different stages of ADC drug development, the 
need for essential bioanalytical methods varies. We 
are still identifying what is needed when but in gen-
eral, the focus of bioanalytical assays in the early drug 
discovery stage is to provide exposure information, 
metabolism information, toxicokinetic (TK) char-
acterization, and to predict toxicity and efficacy in 

humans. Understanding these parameters can assist 
in the selection of a lead ADC molecule whereas in 
the later nonclinical and clinical drug development 
stages, bioanalytical focus shifts to providing regu-
latory compliant PK/TK data for a comprehensive 
understanding of the pharmacology and toxicology 
of the therapeutic.

Due to the highly heterogeneous nature of ran-
domly conjugated ADCs, a combination of LBA and 
LC–MS/MS-based bioanalytical assays are used to 
support ADC programs. If random conjugation tran-
sitions to site-specific conjugation for ADC, some of 
the bioanalytical considerations related to DAR that 
we have addressed herein, such as DAR dynamics, 
may become unnecessary. LBA assays due to their 
simplicity, throughput, accuracy and reproducibil-
ity will continue to play a major role in ADC bio-

Table 5. Active ADC, total Ab and total ADC stability.

 %Bias

 Active ADC Total Ab Total ADC

 LQC HQC Dil QC LQC HQC Dil QC LQC HQC Dil QC

Freeze–thaw, eight 
cycles

1.0 9.1 19.9 14.5 3.0 12.2 5.0 3.1 12.8

Thawed serum, wet ice, 
24 h

1.4 10.5 13.6 6.5 17.9 17.9 2.1 7.1 3.5

Thawed serum, RT, 6 h -1.3 7.6 12.6 12.1 0.8 11.4 2.4 2.8 4.3

Processed sample, ≥16 
h, RT

4.8 2.0 6.8 12.2 8.1 12.1 5.1 7.2 10.1

Processed sample, ≥48 
h, 2–8°C

-1.6 -0.9 8.7 5.5 12.0 8.5 3.5 0.1 8.8

Frozen serum, 39 days, 
-25°C ± 5 C

6.2 -7.0 7.4 0.8 7.2 12.3 3.6 8.6 12.7

Frozen serum, 40 days, 
-80°C ± 10°C

3.8 -5.0 7.6 -1.8 5.7 11.7 2.0 1.8 8.7

Table 6. DAR sensitivity

DAR 0.8 1.7 2.0 3.9

% of DAR 3.0 27% 57% 67% 130%

Nominal conc. (ng/ml) 1570

DAR normalized conc. (ng/ml) 419 890 1047 2041

Result (ng/ml) 432 928 1165 2385

%Bias of normalized result 3 4 11 17

Nominal conc. (ng/ml) 6820

DAR normalized conc. (ng/ml) 1819 3865 4547 8866

Result (ng/ml) 1680 4210 5095 11200

%Bias of normalized result -8 9 12 26

DAR normalized concentration indicates that the concentration was normalized to the DAR 

3.0 calibrator. For example, DAR 0.8 is 27% of DAR 3.0 (calibrator DAR) and 419 ng/ml (DAR 

0.8) is 27% of 1570 ng/ml (DAR 3.0).
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analysis. Compared to the conventional colorimetric 
(ELISA) platforms, second and third generation plat-
forms including chemiluminescence, ECL and fluo-
rescent microfluidics offer better sensitivity, a broader 
dynamic range, and decreased sample volume; some 
come with automation and/or multiplexing options. 
As new classes of payload are being evaluated, we will 
continue to generate highly specific reagents, such as 
that described herein, to support the PK and immu-
nogenicity assessment of these new classes. These 
reagents are used across the pipeline where a specific 
payload is employed. This reuse potential makes these 
reagents quite cost effective.

Tracing the biotransformation of payload associated 
with ADC in circulation continues to be of utmost 
importance. Immuno capture based LC–MS conju-
gated payload assays are going to continue to be criti-
cal to evaluate the in vitro and in vivo serum stability 
of ADC and to help identify pertinent metabolites. As 
more fully discussed in Myler et al., an integrated set of 
assays can be used to quantify the most prevalent and 
relevant analytes [12].
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Executive summary

• Unique bioanalytical strategies are needed to identify, characterize and quantify the ADC species relevant to 
safety and efficacy.

• Reagents that allow for the derivation of active and inactive ADC are a crucial part of our bioanalytical PK 
strategy which includes the measurement of total antibody, active ADC and total ADC by LBA, conjugated 
payload by IC-LC–MS/MS and unconjugated payload by LC–MS.

• All LBA were validated according to current regulatory guidelines for bioanalytical method development to 
support nonclinical IND-enabling toxicology studies and clinical studies.

• All validation criteria were met and additional characterization data were generated to enhance assay and PK 
understanding.

• Given the accuracy of the active ADC assay in proportionally measuring payload conjugated to antibody, 
active ADC/total Ab can be used to assess DAR.

• The number of assays used to characterize ADC PK may be reduced to only include the most value added 
endpoints following the evaluation of sufficient clinical data.

• Clinical ligand-binding assays were automated using a miniaturized platform to optimize robustness and 
throughput.

• Minimal sample processing, reproducible results.
• One analyst can generate 192 results (64/assay) each 7-h shift, equivalent to 1 result every 2 min.
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Metabolomics-based strategies have become an integral part of modern clinical 
research, allowing for a better understanding of pathophysiological conditions 
and disease mechanisms, as well as providing innovative tools for more adequate 
diagnostic and prognosis approaches. Metabolomics is considered an essential 
tool in precision medicine, which aims for personalized prevention and tailor-
made treatments. Nevertheless, multiple pitfalls may be encountered in clinical 
metabolomics during the entire workflow, hampering the quality of the data and, 
thus, the biological interpretation. This review describes the challenges underlying 
metabolomics-based experiments, discussing step by step the potential pitfalls of 
the analytical process, including study design, sample collection, storage, as well 
as preparation, chromatographic and electrophoretic separation, detection and 
data analysis. Moreover, it offers practical solutions and strategies to tackle these 
challenges, ensuring the generation of high-quality data.
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Background
Already in the 1940s, the concept that every 
individual has a metabolic pattern reflected 
by its bodily fluids has been investigated 
by Roger Williams and his associates, who 
at that time had to rely on paper chroma-
tography [1]. Technical achievements, par-
ticularly in the field of analytical chemistry, 
allowed Dalgliesh et al. to later carry out 
the first GC–MS-based analysis of urine, 
marking the beginning of what is known 
today as MS-based metabolomics [2]. How-
ever, it took more than 30 years before the 
terms metabolome and metabolomics were 
coined [3]. Nowadays, metabolomics is inte-
grated into the ‘omics’ cascade from genome, 
transcriptome and proteome to metabolome. 
Strictly speaking, metabolomics has been 
distinguished from metabonomics. Metab-
olomics is defined as the ‘global unbiased 

analysis of the metabolites present within a bio-
logical system in an identified and quantified 
manner’ [4], while metabonomics refers to 
the ‘quantitative measurement of the multipa-
rametric time-related metabolic response of a 
complex (multicellular) system to a pathophysi-
ological stimulus or genetic modification’ [5]. 
Within the field of metabolomics, it is gener-
ally accepted to further discriminate between 
targeted and untargeted metabolomics. Tar-
geted approaches encompass the quantita-
tive measurements of a selection of known 
metabolites involved in given biochemical 
pathway(s), while untargeted metabolomics 
is defined as the global unbiased analysis 
of all small molecules that constitute the 
metabolome [4,6–9]. Nontargeted approaches 
may be further divided into metabolic pro-
filing, which focuses on specific classes of 
compounds, and metabolic fingerprinting, 
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which represents a global approach based on the mea-
surement of metabolic patterns (‘fingerprints’) [10]. 
Metabolomics forms an important tool for the system-
wide understanding of biological processes and the 
discovery of novel molecular disease markers [11,12]. 
From a clinical perspective, metabolomics and clini-
cal chemistry form two complementary fields, where 
metabolomics is ideally applied for the generation of 
new hypotheses and disease mechanisms, while clini-
cal chemistry subsequently follows up such processes, 
enabling the accurate determination and validation of 
diagnostic markers. In clinical chemistry, numerous 
guidelines addressing good laboratory practice and 
accurate validation procedures for markers of interest 
are available [13–18]. Likewise, an increasing number of 
protocols and guidelines have been published over the 
last decade in clinical metabolomics [8,19–26]. However, 
the more hypothesis-driven nature of clinical metabo-
lomics does not allow for the simple adaptation of 
clinical chemistry guidelines. Although there is certain 
overlap between the analytical challenges, the complex 
field of clinical metabolomics presents its own specific 
pitfalls and challenges. A proper knowledge of such 
challenges is therefore essential to generate adequate 
and reliable results and allows for appropriate biologi-
cal interpretation. This review describes the multiple 
potential pitfalls encountered in untargeted and tar-
geted clinical metabolomics linked to sample collec-
tion and preparation, compounds separation, MS and 
NMR detection, as well as data analysis; and discusses 
strategies to tackle such challenges.

Sample collection & preparation
The results expected from a metabolomics study are 
greatly impacted by the experimental design, since 
an inappropriate study design may lead to mislead-
ing statistical outcomes and, subsequently, inaccurate 
biological interpretations [27]. Appropriate collection, 
handling, storage and preparation of the samples are 
crucial for the generation of reliable data since sample 
contamination, degradation or low analyte recovery 
will have a significant effect on the analytical results.

Experimental design
Study design
Association (case–control) studies, which aim at find-
ing significant associations between metabolome, 
clinical factors and a specific disease or health status, 
represent by far the majority of metabolomics experi-
ments. In order to highlight these subtle associations 
with high confidence, the potential confounding fac-
tors between cases and controls including gender, age, 
ethnicity, BMI, diet, lifestyle (e.g., smoking habits, 
physical activity, etc.), health status or medications/

xenobiotics should be as similar as possible [24,27]. The 
lipidome is particularly affected by the gender (higher 
plasma concentrations for triglycerides, ceramides, 
gangliosides and phospholipids in male), BMI, medi-
cations (e.g., statins) and the diet [28]. Some of these 
confounders, such as age and gender, are easily con-
trolled but a full control and knowledge of all factors 
is difficult [29]. Ideally, the selected subjects should 
therefore be admitted to a clinic, so that environmental 
factors are restricted to their minimal, which remain 
difficult and costly in large-scale studies.

The number of subjects required for a specific study 
to produce meaningful outcomes with a high degree of 
confidence is difficult to estimate, notably in untargeted 
metabolomics cohorts. In principle, a power calculation 
can be used to estimate the number of samples required 
for a study [30]. However, in the majority of untargeted 
studies, the number of features of interest expected is 
a priori unknown [24,28]. Moreover, the biological and 
analytical variability of the samples within a group is 
usually undefined at the time of recruitment. In such 
cases, the number of subjects can be estimated based 
on previous studies, or ideally on a pilot study [28]. The 
inclusion of biological replicates is also recommended 
and preferred over analytical replicates since biological 
variance usually exceeds the analytical one [26].

Sampling conditions
Various biological materials have been already ana-
lyzed in metabolomics studies. The large majority of 
human metabolomics studies consists of the analysis 
of urine and/or blood-derived samples, which will be 
solely discussed hereafter.

Plasma and serum metabolomics involve some 
important considerations. First, a consistent sam-
pling site throughout the whole study is essential since 
venous and artery blood have shown a different meta-
bolic composition [31]. Furthermore, circadian oscil-
lations can significantly influence the metabolome, 
particularly for lipids that can present large circadian 
fluctuations [28]. Finally, serum and plasma also differ 
in their metabolic composition, for instance in amino 
acids and carbohydrate levels [7,32]. The metabolic pro-
file of plasma samples is also influenced by the antico-
agulant used during sample collection, namely, hepa-
rin, citrate or EDTA. For instance, heparin may lead 
to ion suppression, while citrate plasma presents lower 
levels for some lipid classes. EDTA shows the advan-
tage to chelate the potential divalent metal cations 
present in the sample that may accelerate the hydrolysis 
of important energy metabolites, but may also lead to 
ion suppression [28,31,33–35].

Urine represents an attractive matrix for metabolo-
mics studies as its composition can be vastly affected 
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during diseases. Compared to blood-derived matri-
ces, the composition of urine is influenced to a greater 
extent by environmental factors [9]. Moreover, urine 
samples present substantial concentration differences, 
requiring additional normalization steps during data 
analysis. An alternative practical solution relies on the 
24-h collection of urine, which is nonetheless hardly 
applicable in clinical practice [9,31]. The time point of 
urine collection during micturition may significantly 
affect the urinary composition, mainly due to bacte-
rial contamination. A mid-stream urine sample is 
usually favored, except when studying urinary tract 
infections where first-void volume is preferred [36,37]. 
Finally, in large-scale human metabolomics studies, 
samples are frequently collected at different sites. It 
is therefore important to provide written procedures 
or guidelines to all researchers, clinicians and labora-
tory staff involved in the project to ensure the highest 
reproducibility throughout sample collection and han-
dling [24,37]. Multiple errors can indeed already occur 
at this stage, for example, use of improper containers or 
wrong storage of collected samples, particularly when 
home sampling is allowed in the study protocol [24,37].

Analytical workflow
In clinical metabolomics, the outcome of a biologi-
cal study relies heavily on the analytical quality of 
the acquired data. In case of unreliable experiments, 
the analytical variability will contribute significantly 
to the total variability, hampering valid comparisons 
between populations. This is particularly true for 
untargeted approaches where semiquantitative data of 
largely unknown analytes are gathered.

Numerous strategies can be implemented to prevent 
batch effects and obtain high-quality data throughout 
the entire study. Since chromatographic and MS per-
formance may decrease over time, it is recommended to 
divide larger studies into smaller batches and plan rou-
tine maintenance in-between, such as cleaning of ion-
ization source components, tuning/recalibrating the 
mass analyzer, change of GC injector liners, etc. [7,24]. 
In order to ensure repeatability and reproducibility 
among all batches, the analytical workflow should 
include prior randomization of samples, repeated 
injections of blank samples and multiple injection 
of quality controls (QCs) throughout the analytical 
batch [7,8,24,38]. Randomization lowers the risk of bias 
and ensures that no correlation between metabolite 
levels and analysis order is introduced. The distribu-
tion of the samples in each batch should be carefully 
controlled to ensure that no bias has been introduced 
during the randomization [24]. The injection of blank 
samples (i.e., prepared blank solvents) prior to samples 
is recommended to stabilize the system and monitor 

the potential contaminants present. In lipids analysis 
using LC–MS, blank injections are also recommended 
within the batches to avoid possible carryover since 
some lipid compounds such as fatty acids tend to stick 
to the stationary phase [27].

QC samples typically consist of a pooled mixture 
obtained by mixing one aliquot of all samples, subject 
to the same preanalytical and analytical conditions. If 
the sample volume is too low, the QC can also be a 
commercial alternative with a representative compo-
sition [7]. QCs have multiple roles, including equili-
brating the analytical platform, controlling the signal 
intensity prior to starting a sequence, estimating the 
intermediate precision between batches and allowing 
for postanalysis signal correction and normalization 
within or between batches [7,8]. For the latter, a filter-
ing step is typically introduced during the data analysis 
where metabolic features with an excessive signal drift 
(relative standard deviation for peak areas >30% [13]) 
are removed from the data matrix [9,38]. QCs are typi-
cally injected at the beginning of a sequence prior to 
the first sample, intermittently through the run (every 
5–12 injections), and at the end of the sequence [24]. 
Figure 1 illustrates how regular QC injections can 
be used to evaluate the analytical consistency of the 
data, using principal component analysis (PCA). 
In Figure 1A, the QC samples show a relevant time-
trend, rendering the obtained data highly unreliable. 
In Figure 1B, the QCs are tightly clustered together, 
showing that the biological variability is greater than 
the analytical variation. In addition to multiple injec-
tions of QCs, the instrumental reproducibility can also 
be monitored by employing internal standards (IS), 
which should be selected according to the expected 
compound classes [8].

Sample storage
Sample storage conditions strongly impact the quali-
tative and quantitative metabolome due to chemi-
cal and enzymatic degradation. Numerous classes of 
compounds may be affected by inadequate handling 
and storage of collected samples, notably the energy 
metabolites [33], fatty acids undergoing autoxidative 
processes [39], amino acids [40] or biomarkers such as 
malondialdehyde [41]. Since a relatively long time may 
elapse between the collection of the samples and their 
analysis, multiple parameters must be monitored to 
lower the risks for degradation and interconversion, 
including temperature, light, humidity, time span, 
quenching and number of freeze–thaw cycles.

The quenching step, in other words, the rapid 
inhibition of metabolic activity, is essential to avoid 
any residual enzymatic activity. This is particularly 
relevant in blood-derived samples that, compared 
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Figure 1. Scores plots obtained with principal component analysis on a set of samples (labeled S, blue circles) and quality controls 
(labeled QC, green circles). A tight clustering of all QCs in the principal component analysis model shows a good repeatability and 
analytical consistency of the instrument. In (A), the QCs are not clustered and show a significant time-trend, leading to low-quality 
data. In (B), all QCs are tightly clustered, illustrating a good analytical consistency. The scores plot in (B) shows that the possible 
separations observed between the samples are not due to instrumental variations but due to the samples themselves. Data obtained 
on the analysis of human urine samples with LC–MS (a Dionex UltiMate 3000 RSLC system hyphenated to a Bruker MaXis Impact UHR-
qTOF mass analyzer).
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with urine, contain relatively high concentrations 
of enzymes active even after the collection step [24]. 
Quenching should be fast enough since some energy 
metabolites such as adenosine triphosphate and glu-
cose-6-phosphate show a metabolic activity of <1 s [35], 
while catecholamines have a half-life of few minutes in 
plasma [27]. The most popular method is the addition 
of ice-cold 60–100% methanol (MeOH) with or with-
out addition of pH modifiers prior to snap-freezing in 
liquid nitrogen [35].

After collection, samples should be stored as fast as 
possible at -80°C or in liquid nitrogen. Many studies 
have shown that sample storage at -80°C for <6 months 
does not affect the large majority of metabolites, 
including lipids. However, this is not the case for insta-
ble compounds such as succinate, acetate, urea, lactate 

and glutamine that showed modified levels in urine 
samples stored for 1 week at -80°C [42]. In addition, it 
has been shown that for a large majority of metabolites 
in urine samples, the long-term storage at either -20°C 
or -80°C led to comparable metabolic profiles [43,44]. It 
is worth mentioning that not only the analyte concen-
trations might change but also modifications in matrix 
components might affect the analytical procedures [45].

Compared to blood-derived samples, urine is prone 
to bacterial contamination during or after sample col-
lection that can lead to modification of the metabolome 
upon storage, especially nonfrozen. Preservatives such 
as 0.1% sodium azide can therefore be added to the 
samples, preventing bacterial growth and compound 
degradation, notably if samples have to be temporarily 
stored at 4°C [37,44,46,47]. Although numerous studies 
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aimed at evaluating the effect of freeze–thaw cycles on 
the metabolome, a consensus is still lacking. Never-
theless, multiple freeze–thaw cycles should be avoided 
as much as possible, for example, via preparation of 
sample aliquots after collection [28,48].

Sample preparation
The selection of the optimal sample preparation pro-
cedure relies on multiple factors, including the matrix 
analyzed, the physicochemical properties of the com-
pounds of interest, the volume of sample and the 
platform(s) used for analysis. It is a critical step due 
to the potential analytical errors that can be intro-
duced [49]. Most of these errors are operator-dependent, 
for example, low experimental repeatability or contam-
ination of samples, and can therefore be significantly 
reduced with automation. Large-scale studies represent 
an additional challenge due to the number of samples 
that need to be pretreated prior to analysis. In this 
context, two strategies can be considered, namely, pre-
pare all the samples in 1 day, divide them in batches 
and freeze them, and analyze each batch every day; or 
divide the samples in several batches and prepare them 
every day prior to analysis [8].

Untargeted metabolomics
In untargeted approaches, the sample preparation step 
is kept as simple as possible to obtain the widest metab-
olite coverage. Nonselective sample pretreatments 
such as protein precipitation (PP) for plasma/serum 
and simple dilution for urine samples (referred to as 
dilute-and-shoot) are generally used [7,50].

Organic solvent-based PP allows for the extraction of 
both polar and hydrophobic compounds. For human 
plasma, acetonitrile (MeCN) and acetone appear more 
efficient in terms of protein removal while MeOH, 
ethanol and methanolic mixtures result in a wider 
metabolite coverage [51]. On the other hand, MeOH 
and acetone give a better protein removal in serum 
samples compared with pure MeCN, while MeOH 
leads to better isolation of polar metabolites [52]. Com-
pared to blood-derived samples, which show a high 
protein content (60–80 g/l), urine has a significantly 
lower protein concentration (0.5–1 g/l). Therefore, 
urine samples are usually simply filtrated and/or cen-
trifuged after thawing, and diluted (typically five- to 
tenfold) with water or buffer. The filtration of urine 
samples on 0.20-μm cellulose filters removes materi-
als in suspension and prevents bacterial growth during 
storage [53,54]. Dilution with buffer should be preferred 
over pure water since the pH of urine may vary exten-
sively (i.e., pH 3–7.5). This is particularly important 
in capillary electrophoresis (CE) where the separation 
performance and repeatability is significantly affected 

by the salt composition and ionic strength of the 
matrix [55]. Hydrophilic interaction chromatography 
(HILIC) requires the dilution of urine with an aque-
ous organic solution to ensure acceptable separation 
performance since the presence of large amounts of 
water in the injected sample will lead to severe peak 
distortion [54]. Diluting the samples four- to five-fold 
with a mixture of MeCN/water 3:1 (v/v) has shown 
to give sufficient dilution of proteins and salts while 
keeping acceptable peak shapes [54]. In case of protein-
uria, which is a rather common clinical abnormality, 
an additional centrifugation step should be carried out 
prior to injection of the supernatant, especially if the 
samples have not been previously filtered.

In lipidomics, nonselective plasma/serum pretreat-
ments include liquid extraction with a mixture of 
chloroform/MeOH 2:1 (v/v) or chloroform/MeOH 
1:2 (v/v) with subsequent addition of chloroform 
and water [7]. A methodology employing methyl-tert-
butylether as the extraction phase was developed by 
Matyash et al., allowing for a straightforward collec-
tion of the upper organic phase [7,28,56]. The use of iso-
propanol as precipitating agent may also be considered, 
enabling a broad coverage of plasma lipids with a higher 
recovery compared with other PP procedures [57].

Targeted metabolomics
In targeted approaches, the physicochemical properties 
of the compounds of interest are a priori known, which 
allows for a more selective sample preparation enabling 
a sufficient sample cleanup as well as preconcentration, 
typically using SPE or liquid–liquid extraction (LLE).

For blood-derived samples, a PP step is generally first 
carried out to remove proteins and avoid the forma-
tion of a foaming emulsion in LLE or clogging of the 
SPE support. Urine samples are diluted with buffer to 
normalize and reach adequate pH prior to extraction. 
LLE shows the advantage of separating both polar and 
hydrophobic analytes into two fractions that can sub-
sequently be analyzed independently. However, very 
polar and/or ionized compounds show a poor extrac-
tion efficiency and LLE remains predominantly used in 
lipid analysis. Furthermore, the LLE procedure is diffi-
cult to automate, suffers from a low sample throughput 
and requires high amounts of solvents, which are clear 
limitations in large-scale metabolomics studies. Sup-
ported liquid extraction, where samples are adsorbed 
on a porous solid support material (diatomaceous earth 
support), allows for partial automation of the extrac-
tion process with a lower solvent consumption. Com-
mercial 96-well plates are nowadays available that may 
be promising in metabolomics analysis [50].

Due to its ease of automation and the possibility 
of online combination, SPE is more widely used. The 
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large variability of stationary phase chemistries com-
mercially available in many different formats (e.g., SPE 
cartridges, 96-well plates) enables for a tailored sample 
preparation. For instance, hydrophobic sorbents are 
particularly well suited for sample cleanup (desalting 
and delipidation) and enrichment of analytes with low 
polarity, while mixed-mode sorbents containing cat-
ionic or anionic moieties lead to excellent recoveries and 
preconcentration for polar and/or ionized compounds.

Besides analytical errors, the sample preparation 
step also increases the potential risk for compounds 
degradation. During the entire procedure, analytes 
are subject to contact with air and light, and pos-
sibly with elevated temperature [53]. In order to com-
pensate for all analytical errors and ensure accurate 
data, targeted approaches require the addition of IS. 
Isotopically labeled IS, especially 13C-labeled, are rec-
ommended [58]. Nevertheless, in most of the studies, 
labeled IS cannot be used for every compound due 
to high costs or because they are not commercially 
available. In such cases, the labeled standards should 
be carefully selected to correct not only for analytical 
errors during the sample preparation step but also for 
potential MS ion suppression/enhancement [53].

Chromatographic & electrophoretic 
techniques
A separation step is generally performed prior to MS 
detection using chromatographic (i.e., GC and LC) or 
electrophoretic techniques (i.e., CE). All techniques 
present specific benefits and limitations discussed 
hereafter.

GC
GC has been the first separation technique used in 
metabolomics and remains very popular. Separation in 
GC is achieved by fractionally vaporizing the analytes 
using temperature gradients while guiding an inert car-
rier gas (i.e., helium, nitrogen or hydrogen) over the 
stationary phase. Hence, separation is mainly driven 
by differences in the evaporation temperature. This 
process is obviously linked to an intrinsic evaporabil-
ity of the analytes, which may lead to degradation of 
thermolabile components. Nevertheless, GC shows 
advances particularly in terms of separation efficiency. 
This superior separation efficiency is explained by the 
absence of eddy-diffusion during the chromatographic 
separation compared with LC [59].

However, GC presents three main pitfalls: first, 
the possible loss of thermolabile analytes, as previ-
ously mentioned; second, a rather cumbersome sample 
preparation step, particularly due to the need of analyte 
derivatization and third, a generally higher variability 
compared with LC-based metabolomics [19].

Thermal degradation
Fang et al. recently published a controversial study 
where the authors argued that elevated temperatures 
such as the ones during GC analysis severely altered the 
analyzed metabolome [60]. In this study, LC–MS was 
used to compare heated and nonheated plasma samples, 
thereby trying to mimic GC conditions. According to 
the authors, up to 40% of the heated compounds were 
destroyed, modified or degraded. This study caused 
much discussion, as it questioned the long-standing and 
prominent role of GC–MS, particularly in exploratory 
metabolomics [61]. Although the claims of the study 
might be rather far-fetched, it underlined the crucial 
point of analyte degradation during GC–MS analysis. 
However, not only thermal exposure of analytes can 
jeopardize the successful implementation of GC–MS 
analysis in clinical metabolomics but also other prac-
tical factors such as the use of different carrier gases, 
differences in the applied inlet liners (i.e., differential 
liner design), different injection techniques (i.e., hot 
needle versus cold needle injection) or the presence of 
impurities in the liner or on the column head. Some of 
the aforementioned points have been previously inves-
tigated [62,63]. Practical recommendations for ensur-
ing reliable GC–MS-based metabolomics data include 
the use of a consistent liner design (i.e., tapered, goose 
neck or double goose neck), the constant use of deacti-
vated inlet liners as well as glass wool, a regular main-
tenance schedule, injection of system suitability tests 
and/or QCs, regular change of GC columns and the 
use of the highest quality derivatization reagents and 
solvents [35,63,64].

Sample preparation
GC-based metabolomics analysis usually involves a two-
step sample preparation procedure where keto function-
alities are first derivatized using pyridine methoxylamine 
followed by silylation with either N-methyl-N-trimeth-
ylsilyl-trifluoroacetamide (MSTFA) or N-methyl-N-di-
methyl-tert-butyl-bistrifluoroacetamide (MtBSTFA). 
It is well known that MtBSTFA forming tert-butyl-
dimethylsilyl derivatives give rise to more intense and 
information-rich fragment ions especially when using 
electron ionization (EI) [65,66]. Unfortunately, the 
derivatization efficiency of MtBSTFA is rather poor, 
particularly for secondary and tertiary alcohols, likely 
due to sterical hindrance potentially leading to partial 
derivatization [67,68]. On the other hand, the stability 
of trimethylsilylesters obtained by the derivatization of 
carboxylic acids with MSTFA is several orders of magni-
tude lower than for their tert-butyldimethylsilyl counter 
parts, fostering the use of MtBSTFA.

A tight control and, if possible, automation of the 
derivatization procedures is recommended as some 
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derivatives (e.g., trimethylsilyl esters) are well known 
to rather rapidly undergo degradation over time, 
necessitating equal post-derivatization periods [40]. A 
possible alternative to silylation reagents may be the 
use of chloroformate or methylation reagents [59,67]. 
Some of the aforementioned pitfalls were addressed by 
Villas Boas et al., who investigated compound meth-
ylation using methylchloroformate as an alternative 
derivatization strategy [69]. The authors concluded 
that methylation is superior to trimethylsilylation; 
however, further detailed studies are required to 
evaluate the use of alternative derivatization protocols.

LC
Compared to GC, LC allows for the direct analysis 
of rather polar and thermolabile compounds with-
out the need for derivatization and adds additional 
selectivity through interactions between stationary 
and mobile phases. Among all the chromatographic 
modes that can be used in metabolomics and lipi-
domics, reversed-phase LC (RPLC) remains the gold 
standard while an increasing amount of metabolo-
mics studies are performed using HILIC [7,35,38,54,70]. 
Over the last decade, RPLC–MS has become very 
competitive in multiple fields along with the devel-
opment of innovative technologies such as the use 
of stationary phases equipped with superficially 
porous particles (core–shell technology) or sub 
2-μm fully porous particles (ultrahigh pressure LC, 
UHPLC) [71–73]. Both approaches provide fast and 
high-resolution separations (increased peak capac-
ity), which allows for high-throughput analysis of 
closely related metabolites.

Reversed phase LC
The large majority of RPLC metabolomics studies 
involve the combination of an octadecyl-modified sta-
tionary phase (C18) with an aqueous-organic mobile 
phase composed of either MeOH or MeCN con-
taining 0.1% formic acid. This simple and versatile 
combination leads to acceptable peak shapes for most 
metabolites, good ionization efficiency in the positive 
ESI mode and excellent retention time repeatability. 
In metabolomics, RPLC shows two major drawbacks, 
namely, a possible ion suppression particularly caused 
by phospholipids in plasma/serum analysis (matrix 
effects) and a poor retention of highly polar compo-
nents, especially in urine analysis [74]. Moreover, the 
use of formic acid in the mobile phase may lead to 
a relatively poor sensitivity in negative ESI mode. 
Finally, compared with GC–MS, RPLC–MS suffers 
from a lack of commercially available spectral libraries 
that makes compounds identification rather complex 
in untargeted approaches. In-house-built libraries 

containing both retention and spectral information 
thus offer a valuable tool for metabolite identification.

Hydrophilic interaction chromatography
In HILIC chromatographic mode, a polar station-
ary phase (i.e., bare silica or silica modified by func-
tional groups such as diol, amine, amide or zwitter-
ionic moieties) is used with a relatively hydrophobic 
mobile phase composed of an aqueous-organic mixture 
(usually MeCN with volatile buffers), forming a water-
enriched layer of partially immobilized eluent on the 
stationary phase. The retention mechanisms are rather 
complex and involve hydrophilic partitioning, dipole–
dipole interaction, hydrogen bonds and electrostatic 
interaction [75–77]. HILIC shows several advantages 
that render this technique particularly interesting in 
metabolomics, such as an enhanced MS signal due to 
a better eluent desolvation, the possibility of directly 
injecting organic extracts usually obtained by PP or 
extraction, and an orthogonal selectivity compared 
with RPLC [78]. However, HILIC remains rarely used 
in this field. This reluctance is likely explained by the 
complex mechanisms that render HILIC less flex-
ible and not as straightforward as RPLC. The major 
drawbacks of this technique rely on the higher vari-
ability in the retention times, the longer equilibra-
tion times and the poorer peak shapes observed [54]. 
However, high-quality data can be ensured provided 
that good practice is followed during the analytical 
workflow, including a careful selection of the sample 
diluent and volume of injection, the use of volatile salt 
buffers at a fixed and repeatable pH value and ionic 
strength, the investigation of the matrix effects and the 
adequate data preprocessing parameters in untargeted 
approaches. These aspects have been recently discussed 
by Kohler et al. in a practical review [54].

Capillary electrophoresis
CE is a miniaturized technique where charged com-
pounds are separated according to their charge-to-size 
ratio in an electrically conductive liquid phase (back-
ground electrolyte) under the influence of an electric 
field [48]. The hyphenation of CE with MS provides 
interesting advantages for metabolomics applications 
including a high selectivity and separation efficiency, 
especially for polar and/or charged compounds which 
show a poor retention in RPLC; an orthogonal mecha-
nism of separation compared with chromatographic 
techniques, leading to complementary metabolic cov-
erage; the separation of chiral compounds; its applica-
bility to volume-limited samples and the possibility for 
single-cell metabolomics [79–83].

However, compared with other MS-based tech-
niques, CE–MS is little used in metabolomics; it suf-
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fers from a lower overall sensitivity and a poor repro-
ducibility in migration times due to adsorption of 
matrix material on the capillary surface. Moreover, 
the commercial systems are not equipped with autos-
amplers adapted for high-throughput analysis and 
feature a lower injection repeatability compared with 
LC systems. The latter drawbacks foster the systematic 
use of IS to correct the injection variability. Finally, 
CE–MS coupling is not as straightforward as LC–MS 
or GC–MS and requires additional practical expertise 
to obtain a stable MS signal and reliable data.

The limitations differ depending on the interface 
used for CE–MS hyphenation. There are currently two 
different interfaces commercially available, namely, 
the sheath-liquid and the porous tip sheathless inter-
face [84]. The sheath-liquid interface is typically con-
sidered more stable, repeatable and cost effective but 
suffers from a lower sensitivity due to dilution of the 
CE effluent with the sheath liquid. On the other hand, 
the commercial sheathless interface provides a higher 
sensitivity and separation efficiency but at higher 
costs, and with less robustness and flexibility [85,86]. 
Today, the optimal CE–MS setup for metabolomics 
approaches relies on a combination of sheath-liquid 
interface, online preconcentration techniques, sys-
tematic use of IS, regular injection of QCs, use of 
electrophoretic mobility instead of migration times, 
adequate postanalysis alignment of the data and suf-
ficient practical expertise. The limitations of the tech-
nique certainly explain the reluctance in using it in 
metabolomics. It is only with further developments in 
CE instrumentation, notably with a stable and sensi-
tive CE–MS interface, that this technique might be 
fully exploited as a complementary tool in addition to 
chromatographic techniques.

MS
MS has been largely used in metabolomics and remains 
the gold standard detection technique after chromato-
graphic or electrophoretic separation. It is only due to 
the high-information content of MS data that identi-
fication and quantification of hundreds to thousands 
of analytes in a single analytical run can be achieved. 
The major ionization techniques used in MS-based 
metabolomics are EI, chemical ionization (CI), ESI 
and atmospheric pressure chemical ionization (APCI). 
While EI and CI are typically used in combination 
with GC, APCI can be used in combination with GC, 
LC and CE; and ESI with LC and CE.

Ionization techniques
Historically, EI was the first ionization technique 
employed for MS experiments. In EI, electrons emitted 
by a heated tungsten filament are accelerated. These 

electrons get into close proximity with the neutral mol-
ecules eluting from typically a GC column, leading to 
the formation of radical ions and charged fragments. 
EI is generally described as a ‘hard’ ionization tech-
nique; this can be very useful analyzing neutral mol-
ecules, although certain analytes such as esters or keto-
carboxylic acids can undergo severe fragmentation. 
This may render the obtained spectral data very diffi-
cult to interpret when only low molecular-weight frag-
ments are observed. Nevertheless, the major advantage 
of EI is its highly standardized and repeatable perfor-
mance. Over the years, this has led to extensive spectral 
libraries containing more than 250,000 compounds, 
which make GC–EI–MS a very attractive technology 
for identifying unknown metabolites of interest [63]. 
Traditionally, a kinetic energy of 70 eV is used for EI, 
allowing for high spectral comparison. However, many 
modern GC–EI–MS instruments offer the possibil-
ity to modify this value, thereby changing the energy 
content of the emitted electrons. Although there have 
been some reports showing that reducing the electron 
energy causes less fragmentation, this usually also 
severely decreases the overall sensitivity.

CI is considered a ‘soft’ ionization technique where 
a reactant gas (frequently methane) is used in combi-
nation with an EI source, causing formation of pri-
mary ions stemming from the reagent gas. The formed 
reagent gas ions subsequently ionize the molecules of 
interest, mainly by collisional processes [87]. Compared 
to EI, CI therefore frequently allows the determina-
tion of the molecular ion. CI in negative mode has, 
for example, been widely used for the analysis of fatty 
acids [88], while its use in metabolomics studies has 
remained rather limited. This may be explained by the 
lack of spectral libraries since most of them are built 
with GC–EI–MS data.

ESI is certainly the most widely applied ioniza-
tion technique for LC–MS-based metabolomics [89]. 
Although the detailed mechanisms of the ESI process are 
not fully understood yet, it is commonly accepted that 
initially an electrospray dispersion of a liquid in a nozzle 
generates charged droplets when forming the so-called 
Taylor cone. When charged droplets are generated, the 
solvent starts to evaporate, leading to an increase in 
charge density of the droplet. At one point, the so-called 
Rayleigh limit will be exceeded leading to formation of 
secondary droplets in the form of a Taylor cone from 
the primary droplets. This process is repeated leading to 
the formation of very small droplets, being the primary 
source of ions detected in an MS. Advantages of ESI are 
a straightforward hyphenation to LC and CE, its high 
ionization efficiency, virtually no restriction in mass 
range and the direct ionization of liquids. However, ESI 
may be prone to significant matrix effects, particularly 
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jeopardizing quantitative bioanalysis. Multiple studies 
have already addressed the strategies to ensure accurate 
quantitation, making ESI the most important ioniza-
tion technique in modern bioanalysis despite its limita-
tions [58,90]. In clinical metabolomics, matrix effects are 
not only jeopardizing the study outcome but they can 
also lead to misinterpretations, as shown in Figure 2. In 
their study, Giera and colleagues investigated the lipid 
profile of osteo- and rheumatoid arthritis patients [91]. 
Based on PCA and partial least-squares discriminant 
analysis (PLS-DA) of the LC–ESI–MS data acquired in 
negative ESI mode (Figure 2A), the clustering between 
synovial fluid samples was initially hypothesized to pos-
sibly be linked to the sphingomyleoid SM(d18:2/16:0), 
which was ranked as the third most important vari-
able responsible for samples classification. However, 
after selective hydrolysis of phosphatidylcholines, no 
difference could statistically be observed between the 
samples as emphasized by the PCA scores plot shown 
in Figure 2B. This unexpected outcome was explained 
by the presence of oxidized phospholipids which over-
laid SM(d18:2/16:0). Hence, the coelution of oxidized 
phospholipids with SM(d18:2/16:0) led to ion suppres-
sion, particularly in the negative ESI mode. The strong 
ion suppression of SM(d18:2/16:0) severely influenced 
the statistical model, causing the model to be based 
on the ion suppression effect instead of the compound 
itself.

APCI is a ‘soft’ ionization technique usually coupled 
to LC for the ionization of less polar and neutral com-
pounds but it has also been hyphenated to both CE 
and GC [92,93]. In APCI, the liquid or gaseous eluent 
flows through a heated nebulizer; the obtained mixture 
of hot liquid and vapors expands into the atmospheric 
pressure interface where it is ionized by a corona dis-
charge, leading to a proton transfer from the solvent 
molecules to the analytes. In contrast with ESI, which 
relies on a liquid-phase ionization, APCI ionization 
occurs in the gas phase. GC–APCI–MS has been 
scarcely reported in metabolomics studies even though 
it shows less fragmentation than EI and, in some cases, 
is more sensitive than EI and CI [94]. The main limita-
tion of GC–APCI–MS in metabolomics applications, 
shared by LC–APCI–MS as well as GC–CI–MS, is 
the lack of spectral libraries for compound identifica-
tion. A web-based library for GC–APCI–MS contain-
ing retention indices and MS(/MS) spectra for a range 
of endogenous and exogenous compounds (>150 com-
pounds) has been presented by Pacchiarotta et al. [92]. 
However, as ionization using APCI is more condition-
dependent (e.g., humidity, temperature, flow condi-
tions, source geometry, cone voltages, etc.) than EI, 
comparison of spectra between different instruments 
might be limited [94].

Mass analyzers
Depending on the purpose of the study, a wide range 
of mass analyzers are used in clinical metabolomics, 
notably high-resolution MS such as quadrupole time-
of-flight (qToF) or Orbitrap analyzers, as well as quad-
rupoles, ion traps and other hybrid instruments. Each 
mass analyzer shows advantages and limitations; there-
fore, many studies involve the use of more than one 
system to gather complementary information [35].

In targeted studies, mainly triple quadrupole or 
quadrupole linear ion trap mass analyzers are used due 
to their high sensitivity and selectivity, particularly 
when used in selective reaction monitoring (SRM) 
mode. Although the combination of LC with highly 
selective SRM transitions delivers a high degree of 
selectivity, it remains insufficient for discriminating 
geometrical isomers that show identical tandem mass 
spectra (see the ‘Stereoisomers & chirality’ section).

In untargeted metabolomics, qToF systems are 
largely employed as they provide high mass resolution 
and accuracy, as well as high scan speed. Notably, the 
obtained high-resolution spectral data are beneficial for 
compound identification, facilitating database searches 
and generation of elemental composition. However, 
based on recent studies, the unambiguous identifica-
tion of compounds of interest should not solely rely on 
high-resolution MS, but should always include tandem 
mass spectra measurement, and ideally comparison of 
retention times and MS(/MS) spectra with authentic 
synthetic standard material [26].

Stereoisomers & chirality
Stereoisomers (including geometrical isomers), diaste-
reomers, as well as enantiomers play crucial biological 
roles, rendering their separation and correct assign-
ment highly important in clinical metabolomics. As 
an example, the diastereomers and geometrical iso-
mers 5S,12S-diHETE and LTB

4
 do not only arise 

out from different pathways but also show a large 
difference in their respective biological activity [95,96]. 
As such substances show identical tandem mass spec-
tra and, in many cases, similar retention behavior, 
additional dimensions of separation are needed, for 
instance differential mobility spectrometry (DMS), as 
emphasized in Figure 3 [97]. DMS has recently shown 
to facilitate the separation of lipids as well as isomers 
from the leukotriene and protectin classes [96,98–100]. 
Another relevant example concerns  d - and  l -lactic 
acids, of which only  d -lactic acid appears to be linked 
to the short bowel syndrome [101]. Therefore, it is of 
high importance for understanding the biological 
relevance of stereochemical isomers to ensure their 
separation and correct assignment. Both points have 
recently been underlined by Struys in the context of 
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Figure 2. Illustration of the matrix effects in a clinical metabolomics study. The scores plots were built via principal 
component analysis of synovial fluid samples on LC–ESI–MS data in negative ESI mode. (A) Before hydrolysis of 
phospholipids. (B) After selective hydrolysis of phospholipids. The mass spectra correspond to the retention time 
of SM(d18:2/16:0) and were recorded in positive ESI mode (ESI+) and negative ESI mode (ESI-). For experimental 
conditions, see [91].
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the analysis of  d - and  l -2-hydroxyglutarate where 
only  d -2-hydroxyglutarate plays a crucial role in can-
cer [102]. While diastereomers and geometrical isomers 
usually present different physicochemical properties, 
which allow for their separation by chromatography, 
this is not the case for enantiomers. Enantiomer sepa-
ration requires the use of chiral stationary phases or 
the addition of a chiral selector in the CE background 
electrolyte [103]. Although modern chiral phases allow 
the separation of various enantiomers, the choice of the 
optimal column chemistry or chiral selector remains 
an empirical process and the retention/migration 
behavior of enantiomers cannot be predicted [104]. 
Even if some reports have been recently published 
about chiral metabolomics (including NMR-based 
analysis), much work still needs to be done. However, 

chiral gas-phase separations, NMR shift reagents, chi-
ral CE and derivatization reagents are certainly a way 
forward [105].

NMR spectroscopy
NMR is complementary to MS in clinical metabo-
lomics. In NMR, the interaction of the magnetic 
dipole of atomic nuclei with an applied magnetic field 
is used to probe the chemical environment of those 
nuclei. This results in an isotope-specific NMR spec-
trum, where the position of the peaks in the spectrum 
is characteristic of the chemical group containing the 
nuclei. Notably, the peak area is linearly related to 
the number of nuclei in the sample, and thus the 
metabolite concentration. NMR is a nondestructive 
technique and requires a relatively simple sample 
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Figure 3. Differential mobility spectrometry-based separation of 5S,12S-diHETE (A) and LTB4 (B). For experimental 
conditions, see [96]. 
Reproduced with permission from [96].
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preparation. Although NMR has been successfully 
hyphenated to LC [106,107], clinical metabolomics 
studies usually involve direct NMR measurements. 
Considering the low dispersion of chemical shifts as 
compared with the peak width, this approach leads 
to relatively crowded but very reproducible spectra.

A common limitation of NMR is its relatively low 
sensitivity compared with MS-based techniques. The 
magnetic polarization of the nuclei is given by the 
population difference of the nuclear energy levels 
that are determined by the orientation of the nuclear 
magnetic dipole. The energy difference of these lev-
els is small, leading to a tiny population difference 
of these energy levels at room temperature. This 
results in a relatively low sensitivity even for the iso-
topes with the best properties, in other words, the 
spin-½ nuclei with large magnetogyric ratios (1H and 

19F). The sensitivity can be improved by using very 
strong superconducting magnets and cryoprobes that 
operate the receiver circuitry at low temperatures to 
reduce electronic noise. Typically, multiple scans are 
accumulated to further improve the S/N ratio. After 
relaxation, allowing the spin system for returning 
to thermal equilibrium (ca. few seconds), scans can 
be repeated to a certain extent (S/N ratio ∼ n½) to 
increase the sensitivity. However, metabolites with 
concentrations lower than 1 μM will usually be 
below the detection limit.

The number of metabolites visible in the proton 
(1H)-NMR spectrum ranges from about 50 in serum/
plasma samples [108] to roughly 200 in urine [109]. 
Figure 4 shows an example of a plasma, serum and 
urine 1H-NMR spectrum. The number of peaks that 
a metabolite generates is determined by the number of 
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Figure 4. NOESY 1D NMR spectra of urine (A), EDTA plasma (B) and human serum (C), recorded on a spectrometer 
equipped with a 14.1 T magnet. The area around the water peak is not displayed. The urine spectrum was 
referenced with respect to the resonance of the TSP reference material at 0 ppm, while the serum and plasma 
spectra were referenced to the anomeric glucose peak at 5.23 ppm. The non-metabolite resonances of TSP and 
EDTA, both free and as complex, are indicated with triangles and stars, respectively. A 5x-zoom is shown for the 
low-field regions (light gray).
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nonequivalent protons in the molecule. Additionally, 
the magnetic moment of the nuclei is transferred by 
the bonding electrons to neighboring nuclei by the J 
coupling. This coupling splits each peak into doublets, 
triplets, quadruplets or other multiplets of varying 
complexity. In a commonly used NMR system with a 
14 Tesla magnet, the proton spectrum is 6 kHz wide. 
With an average peak width of 1 Hz, J couplings of 
15 Hz and multiple peaks for each metabolite, peak 
overlap is common.

Whatever the matrix, water is by far the molecule 
with the highest concentration. In turn, the protons 
of water dominate the NMR spectrum unless spe-
cial care is taken to suppress the water signals, such 
as using a combination of water presaturation and 
pulsed field gradients. A low irradiation field strength 
is used to generate the presaturation for the water sig-
nal; however, the metabolite peaks near the water sig-
nal are also affected and reduced in intensity. More-
over, the peaks from protons that exchange with water 
can be lower than expected as a result of the water 
presaturation.

In case of urine analysis, the sample pH can affect the 
chemical shift of certain peaks, particularly those close 
to nitrogen with the exception of quaternary ammo-
nium salts. The addition of phosphate buffer during 
the sample preparation stabilizes the pH but because 

the final mixture is a compromise between metabolite 
concentration and pH stability, some peaks will still 
show significant shifts. Alignment algorithms exist to 
compensate the peak shifts due to these effects [110–113] 
but compared with chromatogram/electropherogram 
alignment, other nearby peaks do not necessarily shift 
to the same extent or even the same direction. The salt 
concentration affects the inductance of the radio fre-
quency (RF) coil, influencing the RF strengths of the 
pulses and the signal-to-noise of the recorded signal. 
Automatic tuning and matching of the RF circuitry 
and automatic pulse calibration before every measure-
ment are essential, but the excitation bandwidth and 
free induction decay (FID) reception performance of 
the probe will still be different from sample to sample 
depending on the salt concentration.

Because of the difficulty of deconvoluting the peaks 
to quantify individual metabolites, NMR metabolo-
mics studies are often performed in a nontargeted and 
nonquantitative fashion. Therefore, even if some signals 
cannot be reliably deconvoluted or assigned to a metab-
olite, they can still contribute to the diagnostic mod-
els. An NMR spectrum routinely consists of several ten 
thousand points to accurately describe the shapes of the 
various peaks. In order to limit the number of variables, 
a so-called binning procedure is applied, which divides 
the whole spectrum in specific intervals prior to integra-
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tion. There are different strategies for setting the loca-
tion of the interval edges. The simplest approach is to 
use equidistant binning, where consecutive patches of 
spectrum of equal size define the bins, but shows the risk 
that a bin edge falls on top of a peak. A better approach 
is adaptive binning, in which an algorithm tries to find 
the optimal positions of the bin edges, ensuring that 
most peaks entirely fall in one bin [114–116].

Binning methods include information from uniden-
tified and unresolved metabolites, but this does not 
ensure the generation of better models in metabolo-
mics. Indeed, in many cohorts, participants may be on 
different medication regimes. In the case of indiscrimi-
nate inclusion of bins, all the exogenous metabolites 
will be also included in the model. In these situations, 
the quantification of only those metabolites that can 
be reliably assigned and deconvoluted should be per-
formed. Several software tools have been developed to 
aid with the fitting and deconvolution of NMR peaks, 
both freely available (e.g., BATMAN [117]) or commer-
cial (AMIX by Bruker Corporation or Chenomx by 
Chenomx Inc.).

Peak identification requires some ingenuity in NMR 
metabolomics. The functional group to which the pro-
ton belongs roughly determines the area of the spec-
trum where the peak appears. Databases exist that list 
the chemical shifts of the peaks of most metabolites in 
pure solutions, notably the Human Metabolome Data-
base [118], the Biological Magnetic Resonance Data 
Bank [119], the Madison Metabolomics Consortium 
Database [120] and databases that are supplied with the 
commercial software packages Chenomx and AMIX. 
However, since the solvent, the pH and the salt concen-
tration affect the exact chemical shift, the position of a 
peak in a biofluid can be different from those in stan-
dard solutions, rendering the identification challenging. 
The multiplicity of the peak may give additional infor-
mation but increases the likelihood of peak overlap. 
Hence, in addition to a standard 1D spectrum, a 2D 
J-resolved spectrum is usually recorded for every sample 
that separates the effects of the chemical shift inter-
action and the J-coupling into two different spectral 
dimensions, significantly reducing peak overlap [121]. 
Nevertheless, several peaks with the same multiplicity 
often appear near each other. For example, the branched 
chain amino acids all produce doublets around 1 ppm. 
NMR offers a wide range of different pulse sequences 
that can help identifying metabolites by showing the 
connectivity of a proton to both nearby and remote 
protons, or to neighboring carbon atoms. These more 
complex pulse sequences typically yield multidimen-
sional spectra from which a connectivity network can 
be extracted that is often unique for a specific metabo-
lite. Databases include information on 2D spectra, and 

software tools exist to aid with the assignment of the 
2D crosspeaks [122,123]. These 2D spectra also take lon-
ger to record and are, therefore, usually only applied on 
specific samples even if some metabolomics studies have 
been performed using 2D experiments routinely [124]. 
Since different peaks from the same metabolite respond 
in identical ways to concentration variations, finding 
high correlations between the peak areas of differ-
ent resonances over cohorts can also be used to assign 
peaks to metabolites, a method named statistical total 
correlation spectroscopy (STOCSY) [125]. Compounds 
identification may be eventually confirmed by spiking 
standards in the studied matrix.

NMR also represents a powerful tool in quantitative 
metabolomics. Indeed, in most cases, the peak area is 
linearly related to the number of equivalent protons 
that generate the peak. However, inaccurate quanti-
tation may result when the metabolite has different 
properties than the reference compound, for example, 
different relaxation behavior, attenuation by the pre-
saturation field or lower excitation efficiency for the 
nuclear spins of the reference peak. Some metabolites, 
or even the reference compound itself, can associate 
with macromolecules or supramolecular assemblies 
present in the sample, for example, the commonly used 
reference compound trimethylsilyl propionate (TSP) 
with albumin and lipoproteins in serum. Other meth-
ods use an electronically generated reference signal or 
a combination of a reference sample and the length of 
the excitation pulse, which is inversely proportional to 
the sensitivity of the receiver circuitry.

Data analysis
Data analysis relies on several steps to get from raw 
data to a list of relevant metabolites, including data 
preprocessing, data pretreatment and multivariate 
data analysis and/or statistical analysis.

Data preprocessing
In data preprocessing, two steps are usually carried 
out, namely, feature alignment and peak picking. 
In liquid-phase separation techniques (LC–MS and 
CE–MS), nonlinear shifts occur in the retention/
migration time due to pressure fluctuations, changes 
in column temperature or modifications of the mobile 
phase/background electrolyte composition. Shifts in 
the m/z dimension are not that big, but still important. 
Setting the m/z parameters wrong in the alignment 
can lead to erroneous results. Multiple algorithms are 
nowadays available for alignment, making the selec-
tion of the appropriate tool rather challenging [126,127]. 
These algorithms often combine peak picking and 
alignment since the latter is typically carried out on 
the data matrix containing the picked features, and 
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not on the raw data. This lowers the number of com-
putational steps but may lead to cumulated errors in 
both peak picking and alignment processes. Moreover, 
the available alignment packages or methods preclude 
from performing each step with different packages. 
Besides the selection of the optimal algorithm, the 
alignment and peak picking parameters have to be 
carefully chosen, which represents a cumbersome task 
since multiple parameters influence the number of fea-
tures detected, including the analytical platform, the 
experimental conditions and the matrix. Some guide-
lines are available in literature to help in the selection 
of the adequate algorithm and parameters [126,127].

Data preprocessing also includes a normalization 
step for matrices that show relevant differences in 
their composition, such as urine [128,129]. In this con-
text, numerous normalization approaches can be con-
sidered based on urine volume, osmolality, creatinine 
concentration or total useful MS signal (i.e., compo-
nents that are common to all samples) [128]. The opti-
mal strategy for correction of analyte dilution is still 
matter of discussion. Creatinine concentration may 
be used to correct for the variability observed in indi-
vidual sample volumes; however, in many diseases, the 
renal function and glomerular filtration are affected, 
which impacts urinary creatinine concentration and 
leads to inaccurate correction. Total area normal-
ization and total useful MS signals are two alterna-
tive approaches for NMR and MS data, respectively, 
which show the drawback of being strongly influenced 
by very large signals, resulting in possibly incorrectly 
normalized data [128]. For both NMR and MS, an 
alternative is the so-called probabilistic quotient nor-
malization that addresses this problem by calculating 
the most probable dilution factor based on a reference 
sample (e.g., single sample or median of QC samples), 
therefore providing adequate normalization for most 
matrices commonly encountered in clinical metabo-
lomics [129]. The combination of different approaches 
may also significantly improve the normalization [130].

Data pretreatment
Data pretreatment includes scaling, centering and trans-
formation to convert the feature list into a different scale 
suitable for the data analysis per se [131]. Transformation 
of the data is often required for multivariate analysis 
(MVA) methods, such as PCA, PLS-DA and orthogo-
nal PLS-DA (OPLS-DA), which are very popular in 
metabolomics. Log or power transformations are gener-
ally used to obtain a more symmetric distribution and 
to correct for heteroscedasticity. Both methods show the 
same advantages but log transformation is less adapted 
to values close to zero. Routine scaling methods are unit 
variance (UV) and pareto scaling that both use a mea-

sure of the data dispersion as a scaling factor. In UV scal-
ing, all metabolites become equally important, which 
increase the influence of small-fold changes. However, 
this also increases the influence of measurements errors, 
which are relatively large for low intensities. With pareto 
scaling, the square root of the standard deviation is used 
as a scaling factor, leading to a higher decrease in large-
fold changes compared with small-fold changes. There-
fore, compared with the original peak list, the large-fold 
changes become less dominant. Without a priori infor-
mation, UV scaling can be used in a first instance since 
it is the most objective way to scale the data [131].

Multivariate data analysis
Getting biological information from MVA results can 
be quite challenging and lead to misinterpretation. A 
significant difference between data obtained from dis-
eased individuals versus controls in the PCA or PLS-
DA scores plot may imply the discovery of a potential 
biomarker. It is crucial to verify that this difference is 
not an artifact of the data processing and truly reflects 
a biological phenomenon. PCA class separation only 
occurs if the within-class variation is smaller than 
the between-class variation. Misleading class separa-
tions are not caused by biological variation, but derive 
from sample preparation problems, experimental bias 
or inadequate data preprocessing [131,132]. Supervised 
methods such as PLS-DA and OPLS-DA tend to over-
fit the data, especially when the number of variables 
is much higher than the samples, which is often the 
case in metabolomics. This overfitting phenomenon 
is illustrated in Figure 5. Figure 5A shows a PLS-DA 
scores plot built on a random data matrix consisting 
out of 40 samples and 100 variables. The data matrix 
includes two classes with 20 samples per class. A perfect 
separation is observed on the scores plot of this PLS-
DA model with two clusters; however, based on the 
method validation step, the model is not valid [104,133]. 
Indeed, as highlighted in Figure 5B, the cross-validated 
PLS-DA score plot of the same random data matrix 
clearly shows that there is no class separation. An opti-
mal model validation would rely on separate training 
and test datasets, where the test dataset is not used to 
create the training model. However, this is often not 
possible due to the low number of samples. Alternative 
approaches are the internal cross-validation methods, 
especially the so-called leave-n-out method, where the 
dataset is partitioned into subsets, and each of this 
subset is then used as a validation set [134]. The internal 
cross-validation is assessed by reporting the Q2 value, 
which may still be relatively high even in case of a poor 
model. Permutation testing can be used to overcome 
this limitation, where the class labels are randomly 
permutated and a new PLS-DA model is calculated. 
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Figure 5. Scores plot obtained with PLS-DA on a random data matrix containing 40 samples and 100 variables. The data matrix 
includes two classes (green and blue circles, labeled ‘1’ and ‘0,’ respectively) containing 20 samples each. (A) Initial scores plot 
observed with PLS-DA and (B) cross-validated PLS-DA scores plot.
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The new PLS-DA model is expected to lead to a poor 
prediction, and, in comparison to the real model, pro-
duce a much lower Q2 value. If this test is done many 
times, a distribution of Q2 value is generated, which 
can be thus used for hypothesis testing [104].

Metabolite identification & biological 
interpretation
The information gathered using MVA usually leads 
to a set of variables that show a relative importance in 
the discrimination between the study groups. These 
discriminating features are ranked according to their 
importance in sample classification. In untargeted 
metabolomics, the first challenge arises with the 
selection of variables, namely, the biomarkers candi-
dates that will be subsequently identified prior to data 
interpretation. The accurate selection of biomarkers 
candidates is crucial since it significantly impacts the 
outcome of subsequent validation studies [135]. Even 
though early metabolomics studies focused on the 
discovery of single metabolites to explain pathological 
conditions, it is now widely accepted that pathologi-

cal processes rely on more complex metabolic changes, 
fostering the identification of as many metabolites 
as possible [54]. However, identification of unknown 
metabolites is a very time-consuming and cost-effec-
tive process, which involves rigorous procedures to 
increase the confidence in metabolites identification. 
A consensus on minimum requirements for metabo-
lite identification has been proposed [26] to help for 
standardization between laboratories and ensure that 
the same terminology is used within the community. 
Still, the basis for what constitutes a valid metabolite 
identification remains a matter of debate [26].

Once a set of specific metabolites have been suc-
cessfully identified with the highest confidence, the 
biological interpretation of the data represents a major 
challenge. Indeed, in the large majority of clinical 
metabolomics-based studies, the candidate biomarkers 
do not show any obvious functional or pathway asso-
ciations at first glance. It is only by combining mul-
tiple omics data, including genomics, proteomics and 
transcriptomics data, merged with systems biology and 
mechanistic approaches (e.g., genome-scale metabolic 
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• Confounding factors (e.g., gender, age, diet,
lifestyle)
• Number of samples per group
• Analytic variability > biological variability

• Metabolome changes
– Arterial vs venous blood
– Circadian oscillations
– Pre- vs post-prandial status
– Anticoagulants
– Time between sampling and storage

Pitfalls and challenges

• Chemical and enzymatic degradation and/or
interconversion, impacting qualitative and 
quantitative information

• Analytical errors (low repeatability, 
contamination, degradation)
• Between-batch variability (large-scale 
studies)

• Metabolite coverage

• GC
– Degradation of thermolabile compounds
– Cumbersome sample preparation
– Signi�cant impact of experimental conditions
on data quality

• RPLC: poor retention of polar compounds

• HILIC: poor repeatability; large peak shape

• CE: poor migration times reproducibility

• EI: difficult interpretation of fragment spectra
in low m/z range

• CI: lack of spectral libraries

• ESI: matrix effects (suppression/enhancement) 

• APCI: lack of spectral libraries; polarity range

• Control and limit cofounding factors; admission
to clinic to restrict environmental in�uences
• Appropriate number of samples based on pilot
study; biological replicates
• Regular injection of QCs, blanks, labelled IS; 
sample randomization

• Use SOPs describing sampling procedures
(matrix, sampling site, containers, storage
conditions)
• Reproducible sampling conditions

• Immediate quenching (60–100% MeOH) and 
snap-freezing in liquid nitrogen
• Sample storage in adequate containers at 
-80°C, preferably ≤6 months; ≤3 freeze–thaw 
cycles
• Addition of preservatives if needed (urine)

• Automation of the process; use of labelled IS;
work in cold rooms
• Single batch preparation of samples or division 
of samples into several batches

• Keep the sample preparation as simple as 
possible; �t-for-purpose

• GC
– Liquid-based techniques for labile analytes
– Automation (equal post-derivatization time)
– Detailed SOPs

• RPLC: use HILIC or CE for polar compounds

• HILIC: adequate equilibration; reproducible 
buffers; high proportion of MeCN in sample

• CE: rinsing procedures; coated capillaries;
injection of IS; report electrophoretic mobility

• EI: lower kinetic energy (≤70 eV) or use CI

• CI: in-house libraries or EI for identi�cation

• ESI: systematic evaluation of matrix effects 
during method development; use of IS

• APCI: in-house libraries; ESI for polar 
compounds
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Figure 6. Graphical summary of the analytical pitfalls, challenges and possible solutions that may be encountered in clinical 
metabolomics (cont. from facing page). 
APCI: Atmospheric pressure ionization; CE: Capillary electrophoresis; CI: Chemical ionization; DMS: Differential mobility 
spectrometry; EI: Electron ionization; ESI: Electrospray ionization; HILIC: Hydrophilic interaction chromatography; IS: Internal 
standard; MeCN: Acetonitrile; MeOH: Methanol; MSI: Metabolomics Standards Initiative; MVA: Multivariate analysis; PCA: Principal 
component analysis; PLS-DA: Partial least-squares discriminant analysis; PQN: Probabilistic quotient normalization; QC: Quality 
control; RPLC: Reversed-phase LC; SOP: Standard operating procedure; STOCSY: Statistical total correlation spectroscopy; UV: Unit 
variance.
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modeling) that relevant pathways and biomolecular 
mechanisms may be brought to light.

Validation of the candidate biomarkers represents 
the last and essential step of the process, confirming the 
clinical utility. The purpose of the biomarkers (predic-
tive, prognosis or diagnostic markers) will determine the 
sensitivity and specificity required for clinical applica-
tions [136]. The potential pitfalls that may come up dur-
ing the validation stage are similar to the ones encoun-
tered in the biomarker discovery stage. Moreover, 
additional challenges arise during validation studies due 
to, for instance, larger sets of samples and less significant 
differences between cases and controls compared with 
discovery experiments. These challenges are numerous 
and beyond the scope of the current review [137,138].

Current status of metabolomics in clinical 
applications
The clinical utility of metabolomics has been discussed 
and emphasized for multiple diseases, including car-

diovascular diseases [139], obesity and Type 2 diabe-
tes [140,141], rheumatoid arthritis and osteoarthritis [142], 
multiple sclerosis [143], infectious diseases [144], neurologi-
cal and psychiatric diseases [145], kidney diseases [146] and 
cancer [147,148]. Nonetheless, among these pathologies, 
a very small spectrum of validated biomarkers is today 
used in clinical practice. Serum creatinine is probably 
one of the most known metabolites used in clinical rou-
tine to estimate the glomerular filtration rate or monitor 
renal malfunctions despite a poor specificity. Another 
example is the assessment of equine estriols in maternal 
urine during pregnancy, which can be used to screen for 
Smith-Lemli-Optiz-syndrome, a rare hereditary disorder 
of cholesterol metabolism leading to mental retardation 
and multiple malformations. These metabolites, which 
play an essential role for early prenatal screening of the 
disease, have aroused via the analysis of the urinary 
sterolome [149].

Such progress in disease diagnosis regrettably 
remains more an exception rather than the rule, as 

• Stereoisomers: same m/z and fragmentation 
patterns

• NMR
– Low sensitivity, relatively high sample volume
– Chemical shifts due to pH differences
– Challenging peak identi�cation

• Selection of the most adequate data 
preprocessing and pretreatment algorithms
• Misleading class separation in PCA and 
PLS-DA modelling
• Con�dence in metabolite identi�cation and 
biological interpretation

• Stereoisomers: use DMS; chiral stationary 
phase (LC) or addition of chiral selectors (CE)

• NMR
– Use of strong superconductive magnets and 
cryoprobes; microtubes
– Addition of buffer; postanalysis alignment
– Simulaneous recording of 2D-J resolved 
spectra; apply STOCSY

Data analysis

Preprocessing
Pretreatment

MVA
Identi�cation
Interpretation

Biomarker 
discovery• Biomarker validation

• Clinical utility and application of novel 
biomarkers

• Validation criteria based on predictive, 
prognosis, or diagnostic purpose
• Fit-for-purpose validation (internal and 
external, Phases I–III clinical trials, continued 
surveillance)

• PQN normalization and UV scaling; systematic 
data alignment; careful peak picking 
(adequate S/N ratio and noise, peak width, 
number of features, etc)
• Systematic use of internal cross-validation 
methods
• MSI guidelines (≥2 orthogonal data relative to 
an authentic compound analyzed under 
identical experimental conditions); fusion with 
other omics data; biomarker validation

Detection

MS NMR
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illustrated with the currently unsuccessful contribu-
tion of clinical metabolomics in cancer research. Can-
cer remains one of the most thrilling challenges of this 
century with a high rate of therapeutic failure leading 
to dramatic consequences. The current therapeutic 
approaches are commonly largely empirical, resulting 
in inappropriate therapies and high risks of toxicity. 
However, recent developments, especially in omics 
technologies, fostered the implementation of more per-
sonalized strategies allowing for enhanced clinical ben-
efits. Few biomarkers have been adopted successfully 
in routine clinical care, for instance, prostate-specific 
antigen (screening of prostate cancer), α-fetoprotein 
(screening for hepatocellular and testicular carcinoma) 
or carcinoembryonic antigen (monitoring of colorectal 
cancer) [150,151]. However, none of the currently used 
marker tests has been issued from metabolomics stud-
ies. This may come as a surprise since the reprogram-
ming of cellular energy metabolism has been recog-
nized as a crucial hallmark of cancer. Almost a century 
ago, Otto Warburg already showed that cancer cells 
show a ravenous appetite for glucose with a higher gly-
colysis rate compared with normal cells. This so-called 
Warburg effect is a consequence of multiple metabolic 
adaptations caused by altered signaling pathways. For 
instance, the oncometabolite d-2-hydroxyglutarate 
accumulates in isocitrate dehydrogenase-mutated cells, 
and high plasma levels have been reported in patient 
with intrahepatic cholangiocarcinomas or acute 
myeloid leukemia. However, this oncometabolite has 
neither been successfully validated nor approved by 
the US FDA yet, remaining at the stage of a potent 
biomarker [152]. Much work thus lies ahead in clinical 
metabolomics and validation of potential biomarkers, 
especially for population screening and early diagnosis 
of cancer, two important areas.

Conclusion
Over the last decade, metabolomics-based strategies have 
shown their relevance in clinical research, providing 
innovative tools to better understand pathophysiological 
processes, disease mechanisms and offering new strate-
gies for improved diagnosis, prognosis and the discovery 
of new therapeutic targets. However, the results of mul-
tiple studies have been influenced by unexpected issues 
during the analytical process. This review highlights the 
analytical challenges and pitfalls that may be encoun-
tered in every step of the analytical process, from study 
design to data analysis, and provides some solutions to 
tackle these challenges in both NMR- and MS-based 
clinical metabolomics. The whole analytical workflow, 
the potential pitfalls as well as possible solutions and 
recommendations are illustrated in Figure 6. The clini-
cal outcome of metabolomics studies strongly relies on 

the quality and accuracy of the acquired data. A careful 
study design including all the crucial steps should there-
fore be planned prior to the actual start of the study and 
the sample collection, ensuring highest data quality and 
lowest analytical variability. Even though a successful 
biomarker discovery does not necessarily mean that the 
validation stage will be rewarding, it certainly positively 
impacts the success rate of the latter.

Future perspective
Metabolomics has been showing its interest and prom-
ises for improved biomarker discovery for a large range 
of diseases, notably cardiovascular disorders, diabetes, 
metabolic syndrome, cancer, gastrointestinal diseases, 
infectious diseases, as well as neurological and psychi-
atric disorders. It has been paving the way for personal-
ized health strategies for the development of novel and 
adequate therapies and the implementation of tailor-
made and efficient diagnosis approaches. Nevertheless, 
despite its potential, the translation of metabolomics 
findings to personalized diagnostic and prognostic 
medicine is still at an early stage. Various biomarkers 
or metabolic patterns have been already highlighted in 
multiple diseases but not validated and used in clinic 
applications so far. Massive efforts have been put into 
the discovery phase, efforts that are now also expected 
for improving the validation of biomarker candidates. 
Today’s literature is overloaded with novel biomarker 
candidates that, for the large majority of them, do not 
reach the validation phase. Cross-disciplinary efforts, 
translational collaborations between academic institu-
tions, pharmaceutical agencies and diagnostic compa-
nies, as well as standardization of procedures are crucial 
to move forwards. Precision medicine is a translational 
discipline involving multiple scientific communities; 
the clinical community remains largely unfamiliar 
with the field of metabolomics. By better understand-
ing the analytical process underlying metabolomics 
studies, it will certainly help clinicians to foresee its 
importance in clinical research.
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Executive summary

Chromatographic & electrophoretic separation techniques
• GC is characterized by a high separation efficiency and in combination with electron ionization allows for 

straightforward spectral data comparison using highly standardized libraries. However, metabolites are prone 
to thermal degradation and need to be derivatized prior to analysis; highly standardized procedures are 
therefore needed.

• LC allows for the separation of rather hydrophobic compounds (RPLC) and more polar analytes (HILIC) at 
low temperatures without the need for derivatization. LC–ESI–MS suffers from matrix effects and a lower 
reproducibility between instruments, hampering the use of spectral libraries for compounds identification.

• Capillary electrophoresis (CE) shows a very high separation efficiency, notably for enantiomers, and is very 
well adapted for volume-limited samples. Its limitations rely on the poorer stability, robustness, sensitivity and 
repeatability of the commercially available CE–MS interfaces compared with LC- and GC-based techniques.

Ionization techniques
• Compounds identification is facilitated with electron ionization via comparison to spectral libraries, but the 

hard fragmentation may lead to the loss of the molecular ion. Chemical ionization has the advantage of 
allowing for detection of the molecular ion but renders the compounds identification more cumbersome due 
to a lack of exhaustive spectral libraries.

• ESI allows for an efficient ionization of a large range of analytes presenting diverse physicochemical 
properties and masses, and a straightforward hyphenation to both LC and CE. However, it may suffer from 
significant matrix effects, in other words, ion suppression or enhancement. Atmospheric pressure chemical 
ionization is less prone to matrix effects and well adapted for the ionization of hydrophobic compounds but it 
is a less versatile technique.

Detection techniques
• MS is a universal detection technique that presents a very high selectivity and sensitivity, but leads to the 

destruction of the sample. Quantitative information can be only gathered via the analysis of calibration 
standards for the compounds of interest.

• NMR is a nondestructive and highly reproducible detection approach that allows for simultaneous qualitative 
and quantitative determination without complicated sample pretreatment. However, its sensitivity is rather 
limited compared with MS.
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Metabolite quantification and profiling continues to grow in importance in today’s 
drug development. The guidance provided by the 2008 FDA Metabolites in Safety 
Testing Guidance and the subsequent ICH M3(R2) Guidance (2009) has led to a 
more streamlined process to assess metabolite exposures in preclinical and clinical 
studies in industry. In addition, the European Bioanalysis Forum (EBF) identified an 
opportunity to refine the strategies on metabolite quantification considering the 
experience to date with their recommendation paper on the subject dating from 
2010 and integrating the recent discussions on the tiered approach to bioanalytical 
method validation with focus on metabolite quantification. The current manuscript 
summarizes the discussion and recommendations from a recent EBF Focus Workshop 
into an updated recommendation for metabolite quantification in drug development.
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In 2010, the European Bioanalysis Forum 
(EBF) published a recommendation on 
best practices for metabolite quantification 
in relation to the principles of the tiered 
approach [1].

This publication focused on the ongoing 
discussions within the EBF on the tiered 
approach best practices for metabolite quan-
tification introduced at the Crystal City III 
meeting [2].

With the ICH M3(R2) guidance becom-
ing effective in 2009 [3], the team temporar-
ily suspended the discussions on the general 
tiered approach and focused on providing 
the industry with an initial framework to 
meet the increasing need for quantification 
of metabolites in early preclinical and clini-
cal studies as required by the Guidance. The 
EBF recommendation proved to be useful 
and was often referred to as a cornerstone in 
the industry discussions on metabolite quan-
tification. At the same time, it was endorsed 
by the Health Authorities [4,5]. Gradually, 

more scientists and professional groups pub-
lished strategic papers relating to the practi-
cal consequences of ICH M3(R2) [6–8] and 
other emerging guidelines relating to metab-
olite research such as drug–drug interactions 
(DDI) [9–11].

Subsequently, the discussion on the tiered 
approach continued not only within the 
EBF, but also within other cross-company 
organizations like the Global Bioanalysis 
Consortium (GBC) [12] and the Japan Bio-
analysis Forum (JBF), as well as through 
publications of individual scientists [13–15]. 
As both industry and the heath authori-
ties (HA) developed greater understand-
ing and acceptance of which parts of the 
drug development program were within the 
scope of a tiered approach, new opportuni-
ties arose to extend and refine this flexibility 
to include bioanalytical method validation. 
Introducing more descriptive nomenclature 
highlighting the scientific validity of tiered 
approach practices, for example, ‘scientific 
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validation’, helped the bioanalytical community and 
their stakeholders understand the many benefits of 
adopting such procedures. As a consequence, by iden-
tifying metabolite quantification as an area within 
the scope of scientific validation [16] discussions to 
understand what scientific validation means within 
this context and the best way to apply it within the 
tiered approach form the basis of the current proposed 
recommendation.

Because of the increased focus on metabolites in 
safety testing (MIST) [2], the industry rapidly gained 
expertise on how metabolite profiling and quantifica-
tion was impacting their projects, both in relation to 
safety and efficacy decisions taken from the data as 
well as in relation to the resources required to gen-
erate metabolite concentration data in the bioana-
lytical (BA) or drug metabolism & pharmacokinetics 
(DMPK) laboratory. As a result of the latter, while 
the bioanalytical community created awareness of 
the possibility of quantifying multiple metabolites in 
multiple studies, it also challenged an industry atti-
tude to quantify metabolites in too many studies just 
‘because we can’ (i.e., the methodology allowed it). 
In a collaborative effort, they looked at better ways 
to generate the plasma (or by extension serum, blood, 
tissue, urine,…) concentration data needed to make 
project decisions: combining better ways to interpret 
the different Guidances surrounding the scientific 
questions related to MIST and to provide exposure 
data in different phases of clinical development. The 
goal was to rationalize which metabolites should 
be quantified, at which phase of development and 
with what level of scientific and regulatory rigor as a 
project moves forward in the development pipeline. 
Essential in this discussion was a correct understand-
ing of the regulatory requirements from an ICH M3 
(R2) and DDI perspective, combined with applying 
the right level of bioanalytical validation in line with 
the stage of development (i.e., scientific vs regulatory 
validation) [5,16–18].

One of the challenges was how to implement a 
new Guideline in an industry where decisions made 
following this Guideline will only impact a project 
5–10 years later. In the absence of rapid feedback from 
the HA, the resulting behavior is often to do more than 
is needed to be sure any risk is minimized, irrespective 
of the added scientific value. However, this is a sustain-
able approach only if applied in late stage development 
when attrition has decimated the number of projects 
to which the work needs to be applied. But, for ICH 
M3 (R2) the challenge lies in the disjunction between 
the timing when the data are needed from a regulatory 
perspective versus the best timing in a project based on 
the scientific need and availability of the study samples 

to generate those data. Indeed, ICH M3 (R2) only 
requires the metabolite coverage (expression and expo-
sure) information to be available at the start of clinical 
Phase III ( from ICH M3 (2): “Nonclinical characteriza-
tion of a human metabolite(s) is only warranted when 
that metabolite(s) is observed at exposures greater than 
10% of total drug-related exposure and at significantly 
greater levels in humans than the maximum exposure seen 
in the toxicity studies. Such studies should be conducted to 
support Phase III clinical trials.” ) [3]. But the study sam-
ples needed to make those decisions related to metabo-
lite coverage across species are typically available in an 
earlier stage of development, for example, at the first-
into-man (FiM) and multiple ascending dose (MAD) 
studies when samples from 1 or 3 months GLP toxicol-
ogy studies are available. As a consequence, the indus-
try is tempted to de-risk their projects with respect 
to metabolite coverage at an earlier stage of develop-
ment than required for ICH M3 (R2) and is therefore 
investing a lot of resources in projects that will never 
reach the clinical Phase III stage.

With this awareness, we deemed it necessary to 
revisit our 2010 recommendation paper [1]. In the 
initial recommendation, we identified a significant 
number of early development studies in scope to be 
analyzed using regulatory validation where, based 
on current thinking on the tiered approach/scientific 
validation, alternative leaner methodologies will be 
equally valid to make the right project decision. Sup-
ported and stimulated by the feedback from experts in 
the drug metabolism arena, the EBF issued a survey on 
the topic and organized a Focus Workshop in Septem-
ber 2015 in Brussels to discuss and propose a refined 
recommendation for metabolite quantification. At the 
Workshop we also took the opportunity to discuss the 
current practice of metabolite profiling. The proposed 
recommendation largely applies to small molecule 
new chemical entities (NCEs), but is appropriate for 
other drugs if the tools are available to characterize and 
quantify their metabolites.

Feedback from the survey
The workshop was preceded by a survey in the EBF 
community on the topic.

In this survey, we probed the EBF community on 
their day-to day practices around metabolite profiling 
and quantification. A total of 29 companies responded. 
The majority of the responses related to NCEs (26 
companies) and peptides (9 companies). The questions 
related to:

• Availability of a company strategy for metabolite 
profiling and quantification;

• The Guidance is followed;
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• The laboratory in which the analysis is per-
formed (internally, outsourced or DMPK or BA 
laboratory);

• The technology platform is used;

• The samples (species) and matrices used for 
profiling and/or quantification;

• The regulatory rigor used for metabolite 
quantification;

• The timing of the work;

• Reporting.

A summary of the survey data can be found on the 
Focus Workshop conference website [19].

This allowed us to re-establish our community’s best 
current practice and forward thinking on the subject.

Focus workshop
The Focus Workshop was attended by approximately 
80 scientists from over 50 different companies. Both 
the survey feedback and the good attendance of metab-
olite profiling (drug metabolism scientists) and metab-
olite quantification experts (bioanalytical scientists) 
at the workshop allowed us to consider our current 
updated recommendation to be representative.

The first half of the workshop was built around feed-
back on the current status of metabolite profiling and 
quantification practices. Both the EBF as well as four 
individual (global) pharma companies presented their 
current strategy on the subject, followed by a CRO 
perspective. The second half of the meeting comprised 
two parallel breakout sessions. The first one discussed 
the updated EBF recommendation proposal on metab-
olite quantification; the second one discussed potential 
ways to strategize metabolite profiling.

Workshop on metabolite quantification
The updated EBF recommendation for metabolite 
quantification supported by the workshop discussions 
is visualized in Figure 1.

Discussion
Referring to the initial recommendation of 2010, 
we removed the difference in strategy for metabo-
lites with known activity/toxicity versus unknown 
activity/toxicity. In general, our current thinking is 
that there should be no difference in strategy toward 
documenting relative exposures in experimental ani-
mals versus human based on activity/toxicity prior to 
evaluating a drug against the ICH M3(R2) Guideline. 
Indeed, prior to understanding the coverage in human 
versus experimental animals or the contribution of 

metabolites to the pharmacological activity, this differ-
ence seems to make little sense. In unique cases where 
the metabolite is known to be equipotent or of similar 
activity to the dosed drug, it is obvious that quantifica-
tion of that metabolite should follow the same strategy 
as that of the dosed drug. However, and as mentioned 
at the workshop: ‘the exception is the exception’ and 
should not be setting the rule. Removing this dif-
ference allows a simplified decision tree, which can 
be more easily connected to the aforementioned dis-
cussions on alternative approaches to bioanalytical 
method validation.

Metabolite quantification in the drug discovery 
phase
In the discovery phase, we recommend the use of 
screening methods for metabolite quantification [1]. 
Also, and connected to the fact that more requests for 
metabolite quantification are entering the bioanalytical 
laboratory in this early phase, we suggest to scrutinize 
these requests to balance the workload of metabolite 
quantification versus the added value of these addi-
tional data when making project decisions. This does 
not imply we advise against metabolite quantification 
in general in the discovery phase, but it makes sense 
to challenge the request to the extent that the added 
workload is understood by the project representatives.

Metabolite quantification in pre-Phase I 
& early clinical phase
This is an area of major change to our recommenda-
tion. Our update aligns both with the discussions at 
the workshop and the two major surveys held in 2015, 
and another related to the areas of application of sci-
entific validation in support of the recent EBF recom-
mendation paper [16]; this latter survey was re-issued 
after refinement in preparation of the global discussion 
on the subject at the 2015 AAPS APQ Open Forum. 
In both surveys, we probed the EBF community on 
their view as to whether metabolite quantification in 
early development would require regulatory or sci-
entific validation. More than 80% of the responders 
agreed that scientific validation is a better approach, 
both in the EBF community as well as in the AAPS 
and JBF community.

In the current updated recommendation, we pro-
pose to use either screening methods (which includes 
relative comparison of metabolite abundance – peak 
area ratios of metabolites/dosed drug across species) or 
scientifically validated method (see Box 1) for bioanaly-
sis in support of assessing the exposure of metabolites 
in man relative to experimental animals.

Several strategies can be applied to the timing of the 
experiments based on the availability of samples. Three 
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major approaches are common in the industry today, 
the latter being the most common approach:

• Samples from earlier toxicokinetic (TK) studies 
are stored, with the analysis to be included in this 
single assay campaign at the time human samples 
become available.

• Samples from more recent TK studies are included 
in a single assay campaign when samples from the 
multiple ascending dose study are available.

• Metabolite concentration data in the different spe-
cies and human are generated at the time these 
samples become available.

In any strategy that is followed, the bioanalytical 
scientist needs to ensure that the matrix concentrations 
are supported with documented and reconstructable 
assay performance data on accuracy, precision and sta-
bility in line with the purpose of the decision to be 
made. We suggest using the scientific validation cri-
teria for those metabolites for which a reference stan-
dard is available. However, strictly speaking, at this 
stage, there is no need to have access to a reference 
standard as long as a relative assessment comparing 

metabolite/dosed drug peak areas across species can 
be made with similar scientific rigor and considering 
relevant matrix stability data.

Although ICH M3(R2) only requires a metabolite 
strategy at the start of Phase III, it is likely to be more 
practical for the industry to perform this metabolite 
coverage assessment at the time the samples from mul-
tiple dosing studies are available. Considering a stan-
dard study package in the development process of a 
drug, we usually have access to samples from 1-month 
or 3-month multiple dose studies in the main toxicol-
ogy species at the time of the MAD study. So, from a 
practical perspective and provided stability data can be 
generated for the metabolite (ratio), it makes sense to 
perform this experiment around that time frame in a 
single campaign.

The result of the analysis is either ‘coverage’ or ‘no 
coverage’.

• The desirable outcome is that there is metabo-
lite coverage in the preclinical species. From here 
onward, the strategy can become simple: stop all 
future analysis of metabolites in preclinical species. 
For man, we still need to factor in the potential 
contribution to the pharmacological activity and 

When using AMS or 14C, use scienti�c criteria 
relevant to the technology. Be cautious not to mix up 
pro�ling and quanti�cation purposes

• Focus on in vitro
• Limit in vivo metabolite 
quanti�cation
• Screening

           Preclinical and clinical studies
• Plasma, serum or blood
• Use screening (preferred for earlier phase) 
and scienti�cally validated 
methods (preferred @ SAD/MAD) to document 
the ICH M3(R2) coverage of metabolites
• Consider relative exposure ratios in absence 
of reference standards
• Metabolite quanti�cation in other matrices for 
pro�ling purposes

Milestone: around multiple ascending dose (MAD) in human
• Document ICH(M3) coverage of metabolites (MIST perspective)
• Ensure coverage of human disproportionate metabolites in animal studies 
(may require separate Tox study)
• Document PD activity (collaborate with clinical/pharmacology partners)

Clinical studies only
• Plasma, serum or blood
• Use regulatory validated methods to 
quantify only those metabolites contributing 
to >25% activity (not only AUC) relative to 
unchanged drug
• No other metabolites require qunati�cation
• Consider selection of studies and/or 
selection of samples/subjects instead of all 
samples from all subjects in all studies 

• Consider quanti�cation in special studies 
(e.g., DDI)  of other metabolites using 
scienti�cally validated methods

Discovery Pre-Phase I Phase I IIa/IIb III IV
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the DDI potential. This is discussed in the next 
paragraph, but is irrelevant for preclinical studies.

• For metabolites where there is no coverage in man, 
we suggest updating the development plan and 
include studies/experiments to ensure coverage in 
preclinical species is documented (e.g., separate 
dosing of the metabolite or higher doses of the 
investigational drug to reach higher exposure lev-
els of the metabolites, if ethically acceptable). In 
some cases (e.g., dosing a metabolite in a GLP tox 
study) under the current paradigm of bioanalytical 
method validation, a regulatory validated method 
may be required to quantify these metabolite con-
centrations. Moving forward, we are encouraging 
the industry and regulators to consider accepting 
scientific validation in early development GLP 
studies, with the view that the proposed scientific 
rigor, a priori set criteria and level of documentation 
are aligned with scientific and GLP requirements. 
However, although discussed at the workshop, this 
is not the subject of the current recommendation 
paper.

In addition to metabolite coverage from an ICH 
M3(R2) perspective, it is important in the process 
to include additional characteristics of the metabolite 
beyond the exposure (i.e., AUC at steady state) to fully 
understand the contribution of the metabolite to the 
overall activity. Often assessments are made on AUC 
only, but it is recommended to include those param-
eters which describe the contribution to the activity 
as well. Although this is an area in need of intensi-
fied discussion, a proposed starting point would be to 
include at least the pharmacological activity (if avail-
able) or plasma protein binding of the metabolite(s) 
and the dosed drug to correct the AUC for activity. It 
is our recommendation that, in addition to not requir-
ing further quantification of metabolites when we have 
either coverage in preclinical species or the exposure of 
a metabolite in human plasma is less than 10% of total 
drug exposure, also to preclude the requirement for 
further quantification of metabolites when the relative 
contribution to the activity in man is less than 25% 
compared with the dosed drug, (based on steady-state 
AUC values corrected for pharmacological activity).

In summary, and in contrast to our initial recom-
mendation, the EBF does not see a requirement to use 
regulatory validated methods for metabolites until after 
the MAD study, for either preclinical or clinical stud-
ies. All metabolite quantification and decisions on cov-
erage of metabolites in relation to ICH M3(R2) can 
be documented using screening and scientific valida-
tion approaches. Also, if metabolite exposure in man is 
covered in preclinical species, we recommend stopping 
all further analysis of metabolites in preclinical studies.

Continued metabolite quantification after the 
multiple ascending dose
This is the second area of change in comparison to our 
initial recommendation, and is likely one with signifi-
cant impact on the bioanalytical laboratory. The cur-
rent regulatory requirements for metabolite coverages 
in man versus experimental animals, stating: “Non-
clinical characterization of a human metabolite(s) is only 
warranted when that metabolite(s) is observed at expo-
sures greater than 10% of total drug-related exposure and 
at significantly greater levels in humans than the maxi-
mum exposure seen in the toxicity studies.” [3] equally 
provides guidance on how to continue the metabolite 
quantification in later stages of development.

First, and as recommended above, if the metabo-
lite coverage is documented and complies with ICH 
M3(R2), there is no need for continued quantification 
of metabolites in preclinical species. Hence, and since 
our recommendation is to perform this assessment 
at the MAD milestone, there is no need to continue 
the quantification of metabolites in preclinical species 
after this milestone. At the same time, there is also 
little value in excessive quantification of metabolites 
prior to this assessment, since the assessment qualifies 
the need for metabolite quantification.

On a case-by-case basis there may be a need to 
include additional toxicology species at later stages 
in development. In those cases we would recommend 
analyzing metabolites, if needed, using the screening 
(including relative peak area ratios of metabolite/dosed 
drug) or scientifically validated approach as detailed 
earlier.

With respect to continued quantification in human 
samples, a similar rationale is proposed. And although 

Box.1 Definitions for regulatory and scientific validation.

• Regulatory validation: Assay validations to provide scientifically accurate, reproducible and reconstructable 
concentration data to allow valid decision making for the intended purpose of the study and comply with 
regulated BA standards as specified by health authority (HA) guidance documents

• Scientific validation: Assay validations to provide scientifically accurate, reproducible and reconstructable 
concentration data to allow valid decision making for the intended purpose of the study and can withstand 
independent review – including scientific review from regulators if so required – although not applying all 
elements specified by HA guidance documents
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it is very tempting for project teams to continue to 
request metabolite concentrations in later clinical 
studies, it is our recommendation to only generate 
metabolite concentrations for those metabolites that 
contribute to more than 25% of the activity in relation 
to the dosed drug (based on AUC corrected for the 
pharmacological activity) in the continuation of the 
development of the drug. In essence we do recommend 
using regulatory validated methods for all metabolites 
complying with these characteristics. We would how-
ever consider not necessarily continuing quantification 
of the metabolites in all studies but only in a selection 
of studies and/or selection of samples/subjects.

There are two areas of concern:

• There are programs in which the drug is extensively 
metabolized (e.g., prodrugs or hormones are good 
examples). In those cases, the above recommenda-
tion can lead to an explosion of metabolites qualify-
ing for continued quantification and it may be war-
ranted to agree on an alternative strategy. Agreeing 
beforehand on the bioanalytical strategy to be fol-
lowed with the HA is advised. Both the sponsor 
and the HA should be open to a strategy which 
considers understanding the PK/PD relationship 
while appropriately limiting the resource invest-
ments required to generate these data. Strategiz-
ing the BA work around a major pharmacological 
metabolite can be a fair starting point.

• Special population studies (e.g., elderly, 
hepatic/renal impaired and children) and DDI 
studies where, depending on differences in clear-
ance and/or metabolism, metabolite exposure 
could increase above the thresholds mentioned in 
the ICH Guidance. If known metabolites of the 
investigational drug would need to be measured 
in those studies, we would recommend using sci-
entific validation and focus on those metabolites 
which in an earlier assessment were on the border-
line of being covered and for which there may be a 
concern. Again we would recommend to consider 
only quantifying metabolites in a selection of sam-
ples/subjects. For the analysis of metabolites from 
the industry standard DDI probes, we recommend 
regulatory validated methods.

In summary, after the MAD study, identified as the 
milestone to document metabolite coverage in rela-
tion to ICH M3(R2), we recommend to only quantify 
those metabolites that contribute more than 25% to 
the pharmacological activity compared with the dosed 
drug. Quantification of those metabolites should be 
performed using a regulatory validated method. We 
recommend evaluating whether the metabolite(s) 

need(s) to be included in every study from that stage 
onward, and at which stage enough data are gathered. 
Any metabolites that require quantification in special 
clinical or preclinical studies would only require a sci-
entific validation. For an extensively metabolized drug, 
other strategies may apply.

Conclusion for metabolite quantification
In this updated recommendation on metabolite quanti-
fication in drug development, we recommend limiting 
quantitation of metabolites in all stages of development 
to those that are needed to understand their contribu-
tion to the activity or toxicity of the dosed drug. Also, 
we recommend using the principles of tiered approach 
for bioanalytical method validation.

For the different stages of development, this means:

• Drug discovery: minimize the analysis of metabo-
lites in in vivo samples. If analysis is required, use 
screening methods, including relative peak area 
ratios of metabolites/dosed drug.

• Early development (pre-Phase 1 until MAD): 
assess metabolite exposure in man and coverage in 
preclinical species at the timing of the MAD com-
pared with metabolite exposure in multiple dose 
preclinical studies. Use screening methods, includ-
ing relative peak area ratios of metabolites/dosed 
drug, or scientific validation.

• After MAD: no need to quantify any metabolites in 
preclinical species unless required by ICH M3(R2). 
In clinical studies, quantify only those metabolites 
contributing to >25% activity (based on AUC cor-
rected for activity) relative to dosed drug using reg-
ulatory validated methods and consider selection of 
studies and/or selection of samples.

• Treat exceptions as exceptions: any metabolites 
requiring quantification in special clinical or pre-
clinical studies would only require a scientific 
validation. For extensively metabolized drug, other 
strategies may apply. In special cases, agree on a bio-
analytical strategy, preferably with the HA based 
on scientific needs and sustainable use of resources.

A schematic overview is presented in Figure 1.

Workshop on metabolite profiling
The discussions related to metabolite profiling tried 
to unite the audience around the strategy used for 
metabolite profiling: “Who does What, When, 
Why and How?” Then build on the input from the 
aforementioned survey [19].

From the survey, Figures 2 & 3 were developed. The 
figures show at what stage the DMPK laboratory gets 
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Figure 2. Metabolite profiling strategies in drug development: tools involved.
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involved, which analytical tools are used for profiling 
and which types of in vivo and in vitro studies are per-
formed for small molecule (NCE) metabolite profiling. 
This information, together with the presentations from 
four Pharma companies and a CRO were the starting 
point of the workshop discussions on metabolite profil-
ing. In contrast to metabolite quantification, where the 
audience could build on an existing EBF Recommen-
dation on top of many years of intense discussion in the 
industry, metabolite profiling was identified as an area 
where it will be difficult to provide a similar recom-
mendation. Every molecule is different and requires sci-
entific freedom in regard to documentation and devel-
opment of understanding of its metabolic fate. Hence, 
our expert audience focused on sharing ideas, experi-
ence and strategies on how the various technologies in 
different stages of development add value.

Highlights from the discussions
In addition to sharing individual company strategies 
as a source of inspiration for metabolite profiling, the 
workshop discussion covered four main areas:

• General considerations

• Regulatory aspects

• Quality aspects

• Scientific aspects – with focus on the complexity 
of metabolite stability during sampling storage and 
sample handling in multiple matrices involved in 
metabolite profiling.

The delegates rapidly identified that because of the 
absence of regulatory guidance related to metabolite 
profiling and the split between the more traditional 
front loaded approach (i.e., a relatively large package of 
work conducted preclinically often using radiolabeled 
drug) versus a ‘human first’ based approach (with 
more limited support work conducted pre-FTIH and 
radiolabel not used until much later in development) 
it is difficult to provide guidance on this subject. The 
governance in a company should drive the strategy. 
Hence, we limit our feedback on the metabolite profil-
ing workshop to state that it is essential to allow scien-
tific freedom and continue to benefit from the rapidly 
evolving technological innovations.

All the presentations from the meeting and bul-
leted highlights from the workshop can be found on 
the EBF Focus Workshop website [20]. They illus-
trate how companies strategies can differ in their 
approaches yet are able to generate the required infor-
mation in time to make adequate project decisions. 
All roads apparently lead to Rome, although it was 
not built in a day. The latter is certainly also true for 
elucidation of the metabolism of many compounds 
in industry.

In addition, the discussions at the workshop pro-
vided an opportunity to connect DMPK experts with 
the ongoing discussions in the bioanalytical arena on 
scientific validation. In this respect, it is important 
to highlight scientists in both functional teams are 
involved in quantification of metabolites, yet using 
different quality standards or processes. Often, the 
analytical acceptance criteria in the DMPK labora-
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Figure 3. Metabolite profiling strategies in drug development: studies involved.
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tory are not governed by internationally agreed quality 
standards as compared with regular bioanalysis. Nev-
ertheless, these metabolite profiling activities do follow 
scientifically valid criteria in line with the specific tech-
nology used (and often described in company SOPs or 
procedural documents), be it ultraviolet (UV) detec-
tion, accelerator mass spectrometry (AMS), radioac-
tive detection (RA), NMR (nuclear magnetic reso-
nance) or other tools. This manuscript is not intended 
as a plea for more regulations in the area of metabolite 
quantification embedded in metabolite profiling activ-
ities. We do want to highlight that a close(r) partner-
ship between the metabolite profiling scientists in the 
DMPK laboratory and the bioanalytical laboratory is 
essential to understand acceptance criteria and to avoid 
potentially incorrect interpretation of the accuracy of 
concentration data originating from RAD, UV or MS 
which can, if so required, be annotated appropriately.

Conclusion
Over the last 5 years, the industry has gained a lot of 
experience with the practical aspects, including the use 
of the data in drug R&D, of metabolite profiling and 
quantification. This, together with the intensified dis-
cussion and added value of the principle of the tiered 
approach and scientific validation in bioanalysis has 
stimulated the EBF to take a fresh look at their recom-
mendation on metabolite quantification from 2010. As 
a result of new targeted surveys and peer discussion at 
a Focus Workshop in September 2015, the EBF is now 
refining their 2010 recommendation. In the updated 
recommendation, we are putting more emphasis on the 
value of scientific validation approaches as an alternative 

to regulatory validation for metabolite quantification in 
the earlier stages of development. At the same time, we 
recommend the industry reflects on limiting quantita-
tion of metabolites once the contribution of metabolites 
to the toxicology or pharmacology is understood.

For metabolite profiling, the discussions from the 
workshop highlighted the importance of scientific free-
dom, use of state-of-the-art technology and increased 
partnership between drug metabolism experts and bio-
analytical scientists as a good recipe for a result-driven 
strategy.
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Since its identification in 1981 [1,2], oxynto-
modulin (OXM) has been the focus of exten-
sive clinical and preclinical studies because of 
its physiological effects on weight loss, food 
intake and energy balance [3,4]. Studies in 
humans have shown that acute exposure to 
OXM reduces food intake resulting in body 
weight reduction, increased energy expen-
diture and improved glucose metabolism; 
traits of high interest for the therapeutic 
control of obesity and Type 2 diabetes mel-
litus [5–8]. As shown in Figure 1, OXM is 
one of several peptide hormones produced 
from a single gene that codes for the protein 
proglucagon. Post-translational processing 
of proglucagon, regulated at the tissue level 
by proteases known as prohormone conver-
tases (PC), results in the production of spe-
cific peptide hormones [9]. In response to 
glucose and other nutrients, PC1 found in 
intestinal tissues (L-cells), produces four bio-
active peptides: glicentin, OXM, GLP-1 and 

GLP-2, each having unique metabolic func-
tions related to glucose homeostasis [5,10]. 
Alternative processing of proglucagon by the 
pancreas (α-cells) produces glucagon and a 
larger peptide fragment known as major pro-
glucagon fragment. This action occurs by 
PC2 under hypoglycemic conditions.

At the cellular level, the physiologic prop-
erties of OXM are mediated by its agonist 
effect on either the GLP-1 or the glucagon 
receptor [11,12], albeit with lower affinity than 
the native ligands for each receptor. While 
the agonist properties of OXM toward 
these receptors are widely established, there 
has been speculation in the field about the 
possible existence of a specific high affinity 
receptor for OXM [5,10]. Structurally, OXM 
shares its N-terminal 28 residues with gluca-
gon and its entire sequence with the C-ter-
minal 37 amino acids of glicentin (Figure 1). 
As with other proglucagon-related peptides, 
the sequence for OXM is highly conserved 
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Figure 1. Structure of proglucagon and the proglucagon-derived peptides resulting from tissue-specific 
proteolytic processing. The amino acid sequence of glucagon, as well as that of intact OXM 1–37 and the three 
OXM catabolites (3–37, pE 3–37 and 4–37) measured in the IA–MS assay described here are provided. 
MPGF: Major proglucagon fragment; OXM: Oxyntomodulin; pE: Pyroglutamic acid.

future science group

Research Article    Cox, Berna, Jin et al.

across mammalian species. In addition, GLP-1, GLP-2, 
glucagon and OXM are all substrates of DPP-4 [13], an 
N-terminal dipeptidase responsible for their deactiva-
tion. Because only two amino acids are removed, an 
immense burden is placed on immunoassay methods 
to allow differentiation between active and inactive 
forms. Moreover, since the proglucagon peptides are 
formed by proteolytic action, antibodies specific for 
each C-terminal neoepitope are also needed. Despite 
these challenges, reliable and specific sandwich 
ELISA methods have been established for most pro-
glucagon hormones. An assay for glucagon by Sloan 
and coworkers provides a representative example [14]. 
Unfortunately, obtaining a reliable ELISA assay for 
OXM has been a more difficult challenge. This prob-
lem was highlighted in a recent report by Bak et al. 
who compared three commercial ELISA kits and 
concluded that none of the methods provided reliable 
determination of OXM levels [15]. It also accounts for 
the wide range in reported literature values for circulat-
ing OXM levels and why some researchers have chosen 
the term ‘OXM-like immunoreactivity’ to describe its 
concentrations [16].

Despite the inherent specificity advantage of MS-
based detection, reports using MS to quantify OXM 

have been slow to appear in the literature attrib-
uted to the need for low pg/ml sensitivity. In 2012, 
Halquist et al. described a 2D-LC–MS/MS assay for 
quantification of OXM in rat plasma [17]. The method, 
which had a range of 1–1000 ng/ml, was used to enable 
pharmacokinetic analysis following intravenous injec-
tion of recombinant OXM. Although reliable quan-
tification was achieved, the assay lacked sufficient 
sensitivity to detect endogenous OXM. Recently, the 
first reported levels for endogenous OXM obtained by 
MS appeared in a publication by Lee et al. who used 
immunoaffinity (IA) enrichment with nano-electro-
spray ionization and 2D-LC–MS/MS to deliver an 
assay for OXM having an LLOQ of 3.5 pg/ml [18]. The 
method, which requires a sample volume of 0.5 ml, is 
part of a 4-plex panel combining OXM and glucagon 
with active and inactive GLP-1. An assay for the lat-
ter two analytes was also previously published by this 
group [19].

In this report, we show a further illustration of 
IA-MS to quantify endogenous OXM in human 
plasma and provide data which corroborate the results 
of Lee and coworkers. An important distinction of 
the current method is that LC–MS analysis occurred 
under high-resolution detection (R = 70,000) in 
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full scan mode using an orbitrap mass spectrometer. 
Although the method has a slightly elevated LLOQ 
(7.8 pg/ml), of analytical significance is the fact that 
operation occurred at a higher flow rate (400 μl/min) 
using narrow bore chromatography (2.1 mm ID) and 
without 2D-LC. Because similar LOQs were obtained 
for identical sample volumes, these results challenge 
previous beliefs about the comparative sensitivity 
of high-resolution methods for peptide quantifica-
tion, particularly without the use of selected reaction 
monitoring (SRM) detection [20].

To date, a more complete understanding of the role 
of OXM has been impeded by a lack of analytical tools 
to sufficiently characterize OXM and its catabolites. An 
important feature of high-resolution detection is the 
ease for multi-analyte analysis. In the present method, 
OXM 1–37 was detected along with three N-terminal 
catabolites initiated by DPP-4 mediated hydrolysis. 
Owing to the conserved sequence for OXM across 
mammalian species, the assay was directly applied to 
measure OXM and its N-terminal catabolites in both 
rat and human plasma. The data obtained allow for a 
kinetic comparison of the rates of catabolism between 
species and add to the growing base of knowledge for 
OXM.

Materials & methods
Materials & reagents
Sodium chloride, octyl β-D-glucopyranoside (OGP) 
and formic acid (88%) were purchased from Sigma-
Aldrich (MO, USA). Tris-HCl buffer (1 M, pH 7.5), 
Invitrosol™ LC–MS protein solubilizer and Dyna-
beads MyOne streptavidin T1 magnetic beads were 
obtained from Invitrogen (CA, USA). HEPES buffer 
(1 M) was from Thermo Scientific (IL, USA). Anhy-
drous DMSO was purchased from Life Technologies 
(CA, USA). Phosphate buffered saline was obtained 
from GE Healthcare Life Sciences (UT, USA). RIPA 
lysis buffer, DPP-4 inhibitor and acetonitrile were 
from EMD Millipore (MA, USA). cOmplete, Mini, 
EDTA-free protease inhibitor cocktail tablets were 
purchased from Roche Diagnostics (IN, USA). P800 
blood collection tubes were obtained from Becton, 
Dickinson and Company (NJ, USA). Innovative 
grade US origin guinea pig and Sprague Dawley rat 
plasma (K

2
EDTA) were from Innovative Research, 

Inc. (MI, USA). With the exception of matrix uti-
lized in the OXM degradation studies, all plasma was 
thawed and incubated in BD P800 blood collection 
tubes for 15 min at room temperature with rotation to 
introduce DPP-4, esterase and other protease inhibi-
tors. The pretreated plasma was then stored at -70°C 
until use. Unless stated otherwise, all references to 
guinea pig and rat plasma refer to P800 pretreated 

K
2
EDTA plasma. Human K

2
EDTA and K

2
EDTA 

P800 plasma was obtained from subjects enrolled in 
the Eli Lilly volunteer blood donation program. All 
subjects gave informed consent. Isopropanol, HPLC 
grade water containing 0.1% (v/v) formic acid and 
HPLC grade acetonitrile containing 0.1% (v/v) for-
mic acid were purchased from Fisher Scientific (NJ, 
USA). The OXM peptides 1–37, 3–37 and 4–37 as 
well as their corresponding stable isotope-labeled 
internal standards (each containing one [13C

9
, 15N]-

labeled phenylalanine and two [13C
6
, 15N]-labeled 

leucine residues) were synthesized by CPC Scientific, 
Inc. (CA, USA) and were characterized by LC–MS 
and amino acid analysis. All solutions were prepared 
using deionized water purified by an EMD Millipore 
Milli-Q Plus ultra-pure water purification system 
(MA, USA).

Preparation of standard curve & quality 
control samples
OXM 1–37, 3–37 and 4–37 stock solutions were 
prepared individually in DMSO at concentrations 
of 710, 600 and 920 μg/ml, respectively and were 
stored at -70°C. These stock solutions were then used 
to prepare a combined standard working solution 
in DMSO consisting of 10 μg/ml of each peptide. 
Next, the combined standard working solution was 
used to prepare seven standard curve spiking solu-
tions in DMSO (937.5, 1875, 3750, 7500, 15,000, 
30,000 and 60,000 pg/ml for the human plasma 
assay and 1875, 3750, 7500, 15,000, 30,000, 60,000 
and 120,000 pg/ml for the rat plasma assay). For the 
human plasma assay, 10 μl of standard curve spiking 
solution was added to 1190 μl of guinea pig plasma 
surrogate matrix to generate a seven point standard 
curve ranging from 7.8 to 500 pg/ml of OXM 1–37, 
3–37 and 4–37. For the rat plasma assay, 7.5 μl of 
standard curve spiking solution was added to 892.5 μl 
of rat plasma control matrix to generate a seven point 
standard curve ranging from 15.6 to 1000 pg/ml 
of OXM 1–37, 3–37 and 4–37. Two separate stan-
dard curves were then subjected to IA enrichment as 
described below and analyzed at the beginning and 
end of each LC–MS run.

The individual peptide stock solutions were also 
used to prepare a combined quality control (QC) 
working solution in DMSO consisting of 10 μg/ml 
each of OXM 1–37, 3–37 and 4–37. The combined 
QC working solution was then used to prepare six 
QC spiking solutions in DMSO (1872, 5760, 15600, 
28,800, 82,800 and 120,000 pg/ml for the human 
plasma assay and 3750, 11,280, 30,000, 76,800, 
180,000 and 240,000 pg/ml for the rat plasma assay). 
For the human plasma assay, 15 μl of the 1872, 5760 
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or 120,000 pg/ml QC spiking solution was added 
to 3585 μl of guinea pig plasma surrogate matrix 
to generate the LLOQ QC, QC1 and ULOQ QC 
samples, respectively. The QCGM, QC2 and QC3 
samples were prepared by adding 15 μl of the 15,600, 
28,800 or 82,800 QC spiking solutions, respectively, 
to pooled human K

2
EDTA P800 plasma. The pooled 

human plasma was also used to create an endogenous 
(END) QC. The theoretical concentration of each 
analyte at each QC level is provided in Table 1. The 
assay intra- and inter-day accuracy (percent relative 
error,% RE) and precision (percent coefficient of 
variation,% CV) were assessed by subjecting six rep-
licates of each QC sample to IA enrichment followed 
by LC–MS analysis on each of three days.

For the rat plasma assay, 10 μl of QC spiking solu-
tion was added to 2390 μl of rat plasma control matrix 
to generate the LLOQ QC, QC1, QCGM, QC2, 
QC3 and ULOQ QC samples. The theoretical con-
centration of each analyte at each QC level is provided 
in Table 2. It is important to note that the rat plasma 
pool used to create the standard curve and QC samples 
had no detectable levels of intact OXM or its catabo-
lites, therefore the theoretical concentration was equal 

to the nominal spike concentration. The assay intra-
day accuracy and precision was assessed by subjecting 
six replicates of each QC sample to IA enrichment 
followed by LC–MS analysis on a single day.

IA enrichment
For the human plasma assay, IA enrichment involved 
the addition of 500 μl of standards, quality control 
samples or human plasma unknowns to individual 
2 ml microcentrifuge tubes (Costar). A sample volume 
of 350 μl was used for the rat plasma assay. To each 
sample, 5 μl of combined internal standard working 
solution, consisting of 25 ng/ml each of the 1–37, 3–37 
and 4–37 stable isotope labeled internal standards pre-
pared in DMSO, was added and the samples were vor-
tex mixed. Next, either 1.3 ml (human plasma assay) 
or 1.4 ml (rat plasma assay) of IA enrichment buffer 
(25 mM Tris-HCl, 25 mM HEPES, 300 mM NaCl, 
0.1% [v/v] OGP, pH 7.5) was added to each sample. 
Then, 10 μl of a 200 μg/ml solution of a biotin-labeled 
in-house generated antiglucagon monoclonal anti-
body [14] was added to each sample and IA enrichment 
was allowed to proceed overnight at 4°C with rota-
tion. Following incubation, 50 μl of prewashed Dyna-

Table 1. Interday accuracy (%RE) and precision (%CV) statistics for oxyntomodulin 1–37, 3–37 and 
4–37 in human plasma.

QC level LLOQ QC† QC1† END‡ QCGM§ QC2§ QC3§ ULOQ QC†

1–37:

Theoretical (pg/ml) 7.81 32.1 8.05 73.1 128 353 500

Interday mean (pg/ml) 8.75 31.5 8.05 74.1 137 368 525

Interday %RE 12.0 -1.7 N/A 1.4 6.9 4.1 5.0

Interday %CV 5.5 4.5 7.1 3.9 3.5 3.3 2.8

n 18 18 18 18 18 18 18

3–37¶:

Theoretical (pg/ml) 7.81 24.0 0 65.0 120 345 500

Interday mean (pg/ml) 9.38 26.8 0 70.0 132 372 526

Interday %RE 20.1 11.6 N/A 7.4 10.1 7.8 5.3

Interday %CV 8.9 5.4 N/A 3.4 2.8 2.4 2.5

n 18 18 18 18 18 18 18

4–37:

Theoretical (pg/ml) 7.81 24.0 0 65.0 120 345 500

Interday mean (pg/ml) 8.94 26.4 0 71.2 136 374 534

Interday %RE 14.5 10.2 N/A 9.6 13.0 8.5 6.9

Interday %CV 6.6 4.6 N/A 3.1 2.3 2.2 3.2

n 18 18 18 18 18 18 18
†Prepared in guinea pig plasma surrogate matrix.
‡Pooled human plasma.
§Prepared in pooled human plasma.
¶Total 3–37 determined by summation of 3–37 and pE 3–37.
END: Endogenous; LLOQ: Lower limit of quantitation; QCGM: QC geometric mean; ULOQ: Upper limit of quantitation.
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beads™ MyOne™ streptavidin T1 magnetic beads was 
added to each sample and the samples were incubated 
for 30 min at room temperature with rotation. The 
beads were then washed with 1 ml each of 1X RIPA 
lysis buffer, a buffer consisting of 25 mM Tris-HCl, 
25 mM HEPES, 500 mM NaCl, 0.1% (v/v) OGP (pH 
7.5) and deionized water. After the final water wash, 
bound analytes were eluted from the beads with the 
addition of 50 μl of 0.2% (v/v) formic acid/1X Invit-
rosol/10% (v/v) acetonitrile. The entire 50 μl was then 
subjected to LC–MS analysis as described below.

Chromatography
Chromatographic separation was achieved with a Leap 
PAL HTC autosampler (Leap Technologies, NC, 
USA), two Shimadzu Prominence LC-20AD pumps 
(MD, USA) and a Shimadzu Prominence CMB-20A 
controller. The analytical column used was a MAC-
MOD HALO peptide ES-C18 (2.1 × 50 mm, 2.7 μm) 
held at 45°C and operated at a flow rate of 400 μl/min. 
Mobile phase A consisted of aqueous 0.1% formic acid 
and mobile phase B was 0.1% formic acid in acetoni-
trile. For the first minute following injection, mobile 
phase B was held at 10% and the effluent was deliv-
ered to waste. From 1.00 to 4.75 min, mobile phase B 

was ramped linearly from 10 to 35% and the effluent 
was delivered to the mass spectrometer. At 4.76 min, 
the mobile phase B composition was increased to 80% 
and was held until 5.85 min to wash the column. The 
effluent was delivered to waste starting at 5.00 min. 
At 5.86 min, the mobile phase B composition was 
returned to 10% for re-equilibration prior to the next 
injection. The total run time was 8.00 min. The needle 
was washed once with a 1:1 isopropanol: water (v/v) 
solution and then once with water. The injector port 
and sample loop were then washed twice with 100 μl 
of 1:1 isopropanol: water (v/v) followed by 2 × 100 μl 
of water.

MS
Mass spectrometric detection was accomplished using 
a Thermo Scientific Q Exactive mass spectrometer 
(CA, USA) equipped with an Ion Max source oper-
ated in positive ionization mode. The H-ESI vaporizer 
temperature was set to 400°C and the spray voltage to 
3500 V. The sheath and auxiliary gas flow rates were 
set to 60 and 15 arbitrary units, respectively. The ion 
transfer tube temperature was 380°C and the S-lens RF 
level was set to 55. The analytes were detected using 
full scan MS with a scan range of 575–900 m/z, resolu-

Table 2. Intraday accuracy (%RE) and precision (%CV) statistics for oxyntomodulin 1–37, 3–37 and 
4–37 in rat plasma.

QC level LLOQ QC† QC1† QCGM† QC2† QC3† ULOQ QC†

1–37:

Theoretical (pg/ml) 15.6 47.0 125 320 750 1000

Intraday mean (pg/ml) 19.0 49.2 126 324 749 1034

Intraday %RE 21.4 4.8 1.1 1.3 -0.1 3.4

Intraday %CV 8.4 3.1 7.2 2.9 3.8 1.9

n 6 6 6 6 6 6

3–37‡:

Theoretical (pg/ml) 15.6 47.0 125 320 750 1000

Intra-day mean (pg/ml) 17.6 49.0 126.0 327 760 1034

Intra-day %RE 12.4 4.3 1.1 2.3 1.3 3.4

Intra-day %CV 7.2 3.2 3.9 1.5 1.8 0.8

n 6 6 6 6 6 6

4–37:

Theoretical (pg/ml) 15.6 47.0 125 320 750 1000

Intraday mean (pg/ml) 18.8 51.4 130 328 750 1042

Intraday %RE 20.3 9.4 4.0 2.4 0.0 4.2

Intraday %CV 10.0 2.7 3.1 1.0 2.0 1.8

n 6 6 6 6 6 6
†Prepared in pooled rat plasma.
‡Total 3–37 determined by summation of 3–37 and pE 3–37.
END: Endogenous; LLOQ: Lower limit of quantitation; QCGM: QC geometric mean; ULOQ: Upper limit of quantitation.
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tion of 70,000 FWHM and scan rate of 7 Hz, which 
resulted, on average, in 12 points being collected across 
the chromatographic peak. The AGC target was set to 
1 × 106 and the maximum inject time to 100 ms. Data 
were collected using Thermo Xcalibur software version 
2.2.

Data analysis
Postacquisition data analysis was accomplished with 
Thermo Xcalibur Quan Browser software. The exact 
masses of the A + 1 through A + 4 isotopes for the 
three predominant charge states ([M + 5H]5+, [M + 
6H]6+ and [M + 7H]7+) of OXM 1–37 and its catabo-
lites (3–37, pyroglutamic acid [pE] 3–37, 4–37) were 
extracted using a mass tolerance of 2 millimass units. 
These isotopes were chosen as they did not have cor-
responding interfering ions in blank plasma samples 
within the selected mass tolerance and were observed 
at sufficient abundance (>20% relative abundance). 
The extracted ions were then summed to calculate 
an extracted ion chromatogram used for quantifica-
tion. Calibration curves were obtained by plotting the 
summed extracted ion chromatogram peak area ratio 
of each analyte to its respective internal standard ver-
sus concentration. A linear regression with 1/x2 and 
1/x weighting was used for all analytes for the human 
and rat plasma assays, respectively, as they resulted in 
the best fit. Given that 3–37 was observed in both its 
non-pE and pE forms, and eluted at different reten-
tion times, peak areas were first determined using the 
Quan Browser software, were summed using Excel 
and the calibration curve was then constructed using 
SigmaPlot software version 12.5.

Human mixed meal tolerance test
Blood samples from 17 subjects were collected in 
BD P800 Vacutainer tubes containing K

2
EDTA and 

a proprietary cocktail of DPP-4, esterase and other 
protease inhibitors. Subjects were asked to fast for a 
minimum of 10 h. Blood was then drawn upon their 
arrival (marked fasting) and at approximately 5, 45 
and 90 min after eating a provided breakfast consist-
ing of a 12 oz medium pulp orange juice and a sausage, 
egg and cheese biscuit sandwich. Subjects were asked 
to finish their meals within 15 min. The exact time of 
each blood draw was recorded. Following the separa-
tion of plasma from cells, plasma samples were stored 
at ≤-70°C prior to IA enrichment.

Rat mixed meal tolerance test
Male Sprague Dawley rats (NY, USA), 24–26 weeks 
old, were surgically cannulated by the vendor (femo-
ral artery [FAC] for blood sampling and femoral vein 
[FVC] for IV dosing). All rats were housed individ-

ually on a 12 h light cycle and maintained on free 
choice chow (#2014, Harlan Teklad, IN, USA) and 
house auto water. Treatment and care of the animals 
was in accordance with regulations outlined in the 
USDA Welfare Act and conditions specified in “The 
Guide for Care and Use of Laboratory Animals.” All 
procedures involving the care or use of animals in 
this study was reviewed and approved by the Eli Lilly 
Institutional Animal Care and Use Committee prior 
to the initiation of such procedures.

Eight overnight (∼16 h) fasted rats were trans-
ported to the study room on the morning of the 
experiment and weighed for proper dose calcula-
tions. The femoral artery and femoral vein cannulas 
were checked for patency, attached to 18” long tether 
infusion lines and the rats were acclimated to the 
study boxes for approximately 20 min. At -15 min 
rats were injected with 5 mg/kg sitagliptin (n = 4) or 
vehicle (saline) (n = 4) into the FVC. At 0 min rats 
were orally (by gavage) challenged with 10 ml/kg of 
mixed meal (Nepro shake, Abbott Laboratories, OH, 
USA) just after a blood sample was withdrawn via 
FAC. All blood samples were collected into cold P800 
tubes. Serial blood samples were withdrawn in the 
same manner via FAC at 5, 10, 15, 20, 30, 45 and 60 
min post the oral mixed meal challenge. Plasma was 
separated from cells by refrigerated centrifugation, 
placed immediately into individually labeled tubes 
and stored frozen at -80°C until IA enrichment was 
performed as described above. Given the plasma vol-
ume requirement of 350 μl, the plasma from two rats 
was combined for each time point, therefore result-
ing in two plasma pools for each treatment condition 
(sitagliptin and vehicle).

OXM degradation in human & rat K2EDTA 
& P800 plasma
Pooled human K

2
EDTA plasma was thawed, warmed 

to 37°C and then split into two aliquots. One of the 
aliquots was incubated in a BD P800 tube to intro-
duce DPP-4, esterase and other protease inhibitors. 
Both aliquots were spiked with 250 pg/ml of OXM 
1–37 and then incubated with mixing at 37 °C for 
0, 1, 5, 10, 15, 30, 45, 60, 120, 240 and 360 min. 
At each time point duplicate 500 μl aliquots were 
removed and placed in 2 ml microcentrifuge tubes 
containing DPP-4 inhibitor (50 μM final concentra-
tion) and complete mini EDTA-free protease inhibi-
tor cocktail (1X final concentration). The aliquots 
were immediately frozen and then stored at ≤-70°C 
until IA enrichment was performed the following day 
as described above. The same procedure was used for 
rat plasma, with the exception that 350 μl aliquots 
were removed at each time point.
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Results
Method development
Guinea pig plasma was chosen as the standard curve 
surrogate matrix for the human plasma assay given 
that guinea pig and human OXM do not share the 
same amino acid sequence. In addition, throughout 
the course of assay development, it was observed that 
the N-terminal glutamine of 3–37 was cyclizing to 
form pyroglutamic acid (pE), resulting in two forms 
of 3–37, the nonpyroglutamic acid (3–37) and pyro-
glutamic acid (pE 3–37) forms. Conversion of 3–37 to 
pE 3–37 was found to be most similar between guinea 
pig and human plasma upon addition of exogenous 
3–37 compared with other surrogate matrices inves-
tigated (data not shown). Representative extracted ion 
chromatograms depicting both forms of 3–37 as well 
as 1–37 and 4–37 are shown in Figure 2. These chro-
matograms correspond to 125 pg/ml of 1–37, 3–37 
and 4–37 spiked into guinea pig plasma and then 
subjected to IA enrichment. Although not shown, the 
stable isotope labeled versions of each peptide co-eluted 
with their nonlabeled forms.

The use of high-resolution accurate mass (HRAM) 
LC–MS for quantification is highlighted in Figure 3 
using OXM 1–37 as an example. Figure 3A depicts the 
extracted ion chromatogram of unfortified guinea pig 
plasma and Figure 3B depicts the extracted ion chro-
matogram of guinea pig plasma fortified with 7.8 pg/ml 
of the 1–37 standard, which corresponds to the LLOQ. 
The extracted ion chromatograms were constructed by 
summation of the A + 1 through A + 4 isotopes of the 
[M + 5H]5+, [M + 6H]6+ and [M + 7H]7+ charge states. 
The insets to each panel show the region of the mass 
spectrum containing the [M + 6H]6+ ion and the aster-
isks indicate which isotopes were used for quantifica-
tion. Figure 3A clearly shows that guinea pig plasma 
is devoid of endogenous 1–37, while the characteristic 
isotope pattern depicted in Figure 3B provides solid 
evidence that 1–37 can in fact be detected and quan-
tified at low pg/ml levels using the HRAM approach 
described herein.

Assay validation
The interday accuracy (%RE) and precision (%CV) 
of the human plasma IA-MS assay was assessed by 
analyzing duplicate calibration curves (7.8–500 pg/ml 
for all analytes) and six replicates each of six quality 
control (QC) samples on three separate days (Table 1). 
An endogenous (END) QC comprised of an unspiked 
human plasma pool was analyzed over the three accu-
racy and precision batches and the average concentra-
tion of the 18 replicates was used to assign the endog-
enous analyte concentration. In this pool, only 1–37 
was detectable and quantifiable. The average concen-

tration determined for 1–37 (8.05 pg/ml) was then 
added to the nominal spike concentration for those 
QCs that were prepared in human plasma matrix in 
order to assign the theoretical concentration. The 
interday accuracy ranged from -1.7 to 12.0%, 5.3 to 
20.1% and 6.9 to 14.5% for 1–37, 3–37 and 4–37, 
respectively. The interday precision ranged from 2.2 
to 8.9% for all three analytes. Dilutional linearity was 
also assessed. For this investigation, the plasma from 
two individual subjects that had sufficiently high levels 
of OXM 1–37 was diluted two- and three-fold with 
surrogate matrix. After application of the correspond-
ing dilution factor, the back-calculated concentration 
of the diluted samples agreed with the calculated con-
centration of the undiluted pool to within 10% (data 
not shown).

Chromatographic carryover was also assessed in each 
accuracy and precision run by injecting two zero sam-
ples (unfortified surrogate matrix with internal stan-
dard) after the highest standard curve samples. While 
the mean analyte response for 1–37, 3–37 and 4–37 in 
the first zero sample was upwards of 60, 20 and 35%, 
respectively, of the mean response of the LLOQ, the 
second zero sample resulted in a mean analyte response 
no greater than 11% for all three analytes.

Within-run selectivity was investigated in all three 
accuracy and precision batches in order to demonstrate 
the suitability of the surrogate matrix and internal 
standard used in the assay. Two control blanks, con-
sisting of unfortified guinea pig plasma without inter-
nal standard, and two zero samples, were analyzed in 
each run prior to injection of the LLOQ standards. 
Placement of the samples prior to the LLOQ ensured 
that the results were not impacted by chromatographic 
carryover. For all three analytes, there was zero contri-
bution of the surrogate matrix and internal standard to 
the analyte response.

Human mixed meal tolerance test
The validated IA–MS assay was applied to the analy-
sis of human plasma samples from subjects in both the 
fasted and fed state in order to characterize and quan-
tify the forms of OXM present under these conditions. 
Briefly, 17 subjects were asked to fast overnight for a 
minimum of 10 h. On the morning of the study, blood 
from each subject was drawn upon their arrival into BD 
P800 tubes and then each subject was asked to finish a 
provided breakfast within 15 min consisting of a 12 oz 
orange juice and sausage, egg and cheese biscuit sand-
wich. Blood was then drawn into BD P800 tubes at 
approximately 5, 45 and 90 min after completion of the 
meal. For logistical reasons, the above post-meal collec-
tion times are approximate, however the exact time of 
each blood draw was recorded (data not shown).
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Figure 2. High-resolution full scan LC–MS analysis of OXM 1–37, 3–37, pE 3–37 and 4–37 following immunoaffinity enrichment 
of 500 μl of guinea pig plasma surrogate matrix fortified with 125 pg/ml each of OXM 1–37, 3–37 and 4–37. The nonenzymatic 
conversion of 3–37 to pE 3–37 occurred during sample handling.
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For all subjects that participated in this study, the only 
form of OXM that was observed above the LLOQ of 
the assay was intact 1–37 (Figure 4). For the majority of 
volunteers, the concentration of 1–37 was lowest in the 
fasted state and increased upon consumption of the meal. 
For 10 of the 17 subjects, the fasting concentration was 
slightly below the LLOQ of 7.8 pg/ml; however these 
values were still included in Figure 4 as the detection of 
1–37 could be confirmed by its characteristic isotope pat-
tern. Subjects 6 and 15 had elevated levels of 1–37 in the 
fasted state. The results presented in Figure 4 also reveal 
that the peak concentration of 1–37 did not always occur 

at the same time post meal and the excursion profile also 
varied from individual to individual.

Rat mixed meal tolerance test
In addition to characterizing the forms and levels of 
human plasma OXM following a mixed meal toler-
ance test (MMTT), an MMTT with a cohort of male 
Sprague Dawley rats was also performed to determine 
potential differences between clinical and preclinical 
species. Prior to performing the rat MMTT, a one day 
accuracy and precision run was conducted. For the rat 
plasma assay, a pool of P800 K

2
EDTA rat plasma that 
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Figure 4. Concentration of OXM 1–37 in human P800 plasma collected from 17 subjects following fasting for a 
minimum of 10 h and at approximately 5, 45 and 90 min post prandial. The range of collection times are noted in 
parentheses. All subjects were provided the same meal and were asked to complete the meal within 15 min.
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was devoid of endogenous intact OXM and its catabo-
lites was chosen as the control matrix. While guinea pig 
plasma could have been used, the percent conversion of 
3–37 to pE 3–37 was found to vary between the guinea 
pig and rat plasma and therefore the rat plasma pool 
was deemed a more appropriate choice. The intraday 
accuracy (%RE) ranged from 0 to 21.4% and the intra-
day precision (%CV) ranged from 1.0 to 10.0% for all 
three analytes (Table 2).

For the MMTT, Sprague Dawley rats were dosed 
with either vehicle (saline) (n = 4) or 5 mg/kg of the 
DPP-4 inhibitor, sitagliptin (n = 4) and were then 
dosed with 10 ml/kg Nepro nutrient mixture. Plasma 
samples were collected prior to dosing the Nepro nutri-
ent mixture and 5, 10, 15, 20, 30, 45 and 60 min post 
dose. Ideally, the OXM levels in individual rats would 
have been determined, however given the requisite vol-
ume for IA enrichment (350 μl), the plasma had to be 
pooled. For both the vehicle and sitagliptin treated ani-
mals, two pools were created with each pool consisting 
of two rats each. This pooling scheme applied to all 
time points post dose with Nepro, however for the fast-
ing time point the plasma from all four rats for a given 
condition had to be pooled given the blood volume 
constraints.

The data from this experiment are shown in Figure 5 
with Figure 5A displaying results for the vehicle treated 

rats. Under these conditions, the major form of 
OXM that was observed was 3–37, which constituted 
approximately 70% of total OXM. OXM 1–37 was 
also observed, albeit to a lesser extent (∼30% of total 
OXM), whereas 4–37 was observed at levels below the 
LLOQ. Both 1–37 and 3–37 increased following dos-
ing with the Nepro nutrient mixture with the maxi-
mum concentration of 3–37 (∼75 pg/ml) occurring 20 
and 30 min post dose for pool 1 and 2, respectively. 
The maximum concentration of 1–37 (∼25 pg/ml) 
occurred at 20 min post dose for both pools.

The results for rats that had been treated with the 
DPP-4 inhibitor, sitagliptin, are depicted in Figure 5B. 
For both pools, the only form of OXM that was observed 
above the LLOQ was 1–37, which provides further con-
firmation that the conversion of 1–37 to 3–37 is medi-
ated by the DPP-4 enzyme. As expected, and consistent 
with rats that had been treated with vehicle, 1–37 was 
observed to increase following dosing with the Nepro 
nutrient mixture and then decreased as a result of clear-
ance. The maximum concentration of 1–37 (∼133 pg/ml) 
occurred at 30 min post dose for both pools.

OXM degradation in human & rat K2EDTA 
& P800 plasma
Given that different forms of plasma OXM were 
observed between human and rat following the 
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Figure 5. Fasting and postprandial concentrations of OXM 1–37, 3–37 and 4–37 in rat P800 plasma. Sprague Dawley rats were fasted 
overnight (16 h) and the following morning were dosed intravenously with either (A) vehicle (saline) or (B) 5 mg/kg sitagliptin 
(marked -15 min). At 0 min, blood was collected in BD P800 tubes (fasting) and then 5, 10, 15, 20, 30, 45 and 60 min post dose (oral 
gavage) with 10 ml/kg of Nepro nutrient mixture. The data for two plasma pools are shown with each pool consisting of plasma 
from n = 2 rats, with the exception of the fasting time point where the plasma from all four rats had to be combined due to volume 
limitations. The concentration of 3–37 was determined by summation of the pyroglutamic acid and nonpyroglutamic acid forms.
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MMTT, we conducted an in vitro plasma 1–37 spike-
in experiment to enable further investigation of these 
observations. This experiment utilized pooled human 
and rat K

2
EDTA plasma that were each split into 

two aliquots. One aliquot was incubated in a BD 
P800 blood collection tube to introduce DDP-4 and 
protease inhibitors. Both aliquots were spiked with 
OXM 1–37 at a concentration of 250 pg/ml and were 
then incubated with mixing at 37°C. At 0, 1, 5, 10, 
15, 30, 45, 60, 120, 240 and 360 min, duplicate ali-
quots were removed, DPP-4 and protease activity was 
quenched, and the samples were analyzed by IA-MS to 
characterize and quantify the forms of OXM.

The results from this experiment are depicted in 
Figure 6. For the aliquot of human K

2
EDTA plasma 

that had been incubated in the P800 tubes prior to the 
addition of exogenous 1–37 (Figure 6A), the concen-
tration of 1–37 (summation of 250 pg/ml spike and 
12.5 pg/ml endogenous) remained constant through-
out the entire 37°C incubation. This is consistent 
with the fact that the DPP-4 inhibitor introduced by 
the P800 tubes prevented the conversion of 1–37 to 
3–37. It is worth noting that 3–37 was detected and 
quantified, however this was due to the conversion of 

endogenous 1–37 to 3–37 prior to incubation of the 
K

2
EDTA plasma in the P800 tubes. The concentration 

of 3–37 remained constant during the entire course of 
the experiment.

Under the conditions where DPP-4 and protease 
inhibitors were not introduced to the human plasma 
prior to the experiment, conversion of 1–37 to 3–37 
began to occur around 30 min post incubation, with 
approximately 145 pg/ml of 1–37 remaining after 
360 min (Figure 6B). Mass balance, as determined by 
summation of 1–37, 3–37 and 4–37, was maintained 
until 240 min. Given that 4–37 was not detected 
suggests that cleave product(s) other than 4–37 may 
have formed, however their identity was not able to be 
determined in this particular experiment.

For the rat K
2
EDTA P800 plasma, the concentration 

of 1–37 remained constant during the majority of the 
37°C incubation, however in contrast to that observed 
for human plasma under these same conditions, 1–37 
began to decrease between 60 and 120 min (Figure 6C). 
As expected, 3–37 and 4–37 did not increase in con-
centration during this time, thus the conversion of 
1–37 was likely mediated by a protease not inhibited 
by the P800 tube inhibitor cocktail.
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Figure 6. Concentrations of OXM 1–37, 3–37 and 4–37 in (A) human K2EDTA P800 plasma, (B) human K2EDTA plasma, (C) rat K2EDTA 
P800 plasma and (D) rat K2EDTA plasma fortified with 250 pg/ml of OXM 1–37 and incubated with mixing at 37°C for 0, 1, 5, 10, 
15, 30, 45, 60, 120, 240 and 360 min. Each point represents the average of duplicate measurements. The concentration of 3–37 was 
determined by summation of the pyroglutamic acid and nonpyroglutamic acid forms.
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When the rat plasma was devoid of DPP-4 and prote-
ase inhibitors, the conversion of 1–37 to 3–37 occurred 
almost immediately and continued rapidly (Figure 6D). 
At 360 min post incubation, there was essentially zero 
1–37 remaining and at 120 min the concentration of 
3–37 also began to decrease at which time 4–37 did 
not increase. As was the case with the human K

2
EDTA 

plasma, the identity of any potential cleavage products 
could not be determined in this particular experiment.

Discussion
OXM biology & interspecies translation
In this work a robust and sensitive IA-MS assay was 
validated for OXM forms 1–37, 3–37 and 4–37 in 
both human and rat plasma. Although SRM detection 
on a triple quadrupole mass spectrometer has been his-

torically used for peptide quantification [21], we opted 
for full scan HRAM detection using orbitrap MS to 
allow facile observation of OXM catabolites. As shown 
herein, OXM 1–37 is converted to its 3–37 form by 
DPP-IV type cleavage at the N-terminus, a process 
which was found to occur more readily in rats than in 
humans. Our data indicate that in rat, plasma OXM 
1–37 levels peak roughly 30 min after ingestion of a 
meal (Figure 5) and that 3–37 conversion appears to 
be DPP-4 mediated based on the data acquired using 
sitagliptin treatment. Although 4–37 was not observed 
above the LLOQ in the study reported here, this 
catabolite has been observed in other experiments pre-
viously conducted in rat (data not shown). In contrast, 
the results from human volunteers (Figure 4) reveal 
that the kinetics for OXM 1–37 elevation varied, 
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with some donors rapidly reaching peak levels within 
5–10 min while others had a more delayed response 
peaking between 90 and 120 min after food inges-
tion. The physiological relevance of these observations 
is unknown, but may reflect the various physiological 
states of the donors in this small study. OXM plays key 
roles in the control of food intake, energy expenditure 
and glucose metabolism, and the varying kinetic pro-
files for OXM 1–37 observed for the donors may reflect 
the body’s need to modulate these responses to nutri-
ent intake. The observation that some subjects have 
elevated baseline (fasted) levels of OXM 1–37 with 
modest increases post prandially may also lend support 
to the application of OXM 1–37 as a biomarker for 
the stratification of patients who could potentially ben-
efit from OXM-based agonist therapies. However, the 
elevated baseline levels could also be attributed to these 
subjects not having fasted as requested. These results 
are consistent with those reported by Lee et al. [18]. In 
their analysis of eight volunteers, the average pre- and 
post-prandial concentration of OXM 1–37 was 6 and 
36 pg/ml, respectively.

The establishment of this IA-MS approach specific 
to the various forms of circulating OXM will be use-
ful in studies aimed at increasing the understanding of 
the various physiological roles for OXM in rodents and 
humans. As reported by Bak and coworkers [15], there 
is a paucity of reliable immunoassays for OXM, and 
in order to support large scale clinical studies, rapid 
and sensitive assays for OXM are needed. To that end, 
we recently used this IA–MS assay to cross-validate a 
new immunoassay with high specificity toward OXM 
1–37. Results from these studies showed high correla-
tion between the two assays [Manuscript in Preparation], 
and further illustrate the utility of a method such as 
this for orthogonal assay validation.

In the present study a comparison between rat and 
humans was conducted to more fully understand 
OXM biology and to assist with clinical translation. 
A number of significant differences were observed that 
should be noted. On average, rat concentrations for 
OXM 1–37 were approximately 2.5-fold higher than 
found in man. In addition, as mentioned previously, 
rats exhibited greater DPP-4 activity as documented 
by the in vitro incubation results presented in Figure 6. 
The reason for this difference is not known, but is 
likely driven by a greater specific DPP-4-like activity 
in rats. This difference carried over in vivo as OXM 
3–37 was the most abundant circulating form in rat. In 
contrast, only intact OXM was detected in humans. A 
complicating factor in making this comparison was the 
greater tendency for OXM 3–37 to cyclize to OXM 
pE 3–37 in human plasma. Thus, the failure to detect 
OXM 3–37 in human plasma could have resulted from 

signal dilution by the two forms. While the origin of 
this difference is not completely understood, it likely 
reflects residual, species-specific glutaminyl cyclase 
activity and/or spontaneous cyclization, known to be 
favorable for glutamine [22]. The fact that guinea pig 
plasma gave comparable cyclization to human plasma 
was a factor taken into account when selecting it as the 
surrogate matrix for the assay.

IA sample preparation
During the course of assay development, there were 
several key learnings that enabled low pg/ml sensitiv-
ity to be achieved. For example, the wash conditions 
were optimized to include a 1X RIPA buffer wash 
prior to the high salt wash, which reduced the protein 
background and improved assay sensitivity. Prepara-
tion of the standard curve was also optimized such 
that standard curve spiking solutions were first cre-
ated in DMSO and then spiked into the plasma sur-
rogate matrix as opposed to serial dilutions directly 
into plasma, which had initially resulted in significant 
peptide loss. In addition, the introduction of Invitro-
sol LC–MS protein solubilizer to the elution solvent 
during IA enrichment helped to achieve a tight mag-
netic bead pellet following elution, which led to mini-
mal bead carryover into the eluate and improved LC 
robustness (i.e., eliminated column clogging). We also 
speculate that the Invitrosol solubilizer helped to stabi-
lize OXM in solution and minimize nonspecific losses 
in the polypropylene autosampler plates.

An essential part of any biomarker assay involv-
ing a surrogate matrix is to demonstrate assay paral-
lelism [23]. Results from two experiments attest to the 
qualification of guinea pig plasma as an acceptable sur-
rogate matrix. First, the data in Table 1 indicates that 
good bias and precision were obtained for QC pools 
prepared in human plasma. In a second experiment, 
plasma from two human subjects having high OXM 
1–37 levels was diluted with the surrogate matrix up 
to threefold with acceptable results. This latter dilu-
tional linearity experiment provides key evidence for 
the viability of the assay as it is in the range where most 
OXM 1–37 levels were observed in humans.

Analytical considerations for IA-MS
Several options exist for MS-based protein quantifica-
tion, extending well beyond traditional targeted MRM 
methods on triple quadrupole mass spectrometers 
(TQMS). Indeed, the utility of HRAM for small mol-
ecule bioanalysis has been widely documented [24–26] 
and HRAM is now being used for peptide quantifi-
cation with quadrupole time-of-flight (Q-ToF) as the 
primary tool. Initial comparisons between TQMS and 
Q-ToF showed the promise of HRAM, but clear supe-
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riority in favor of TQMS largely due to an advantage 
in duty cycle [20,27]. This picture has now changed in 
part due to a series of publications by Garofolo and 
coworkers demonstrating that HRAM conducted in 
association with SRM can outperform TQMS when 
proper attention is paid to optimizing the extraction 
window size, summing multiple charge states and 
isotopes, and avoiding the integration of peaks con-
taminated with interfering ions [28,29]. The second 
paper, which performed a head-to-head comparison 
to TQMS, showed that HRAM performed equal to 
or better than TQMS for each of the six peptides stud-
ied [29]. Interestingly, the fact that SRM detection was 
needed to achieve competitive performance suggests 
that matrix background was still limiting despite the 
use of 30,000 mass resolution (FWHM).

For the present study, orbitrap MS was selected as 
the instrumental platform for intact analysis of OXM 
and its N-terminal catabolites. In contrast to the work 
by Garofolo et al., selectivity was achieved in full scan 
mode at elevated mass resolution (70,000 FWHM) 
without MS/MS. Our work builds on initial work by 
Ruan and colleagues who demonstrated intact quan-
tification of lysozyme (14.3 kDa) by orbitrap MS in 
the full scan mode, also without MS/MS [30]. In their 
paper, it was shown that the mass resolution needs to 
be at least four-times the molecular weight of the tar-
get peptide leading to an applied resolution of 60,000 
FWHM for lysozyme. The importance of elevated 
resolution is significant, because it allows adjacent 
analyte isotopes to be more than baseline resolved 
thereby providing sufficient space between the iso-
topes to detect and discriminate against background 
ions.

As cited previously, LC–MS using HRAM detec-
tion in the full scan mode offers several advantages 
including simplified method development, access 
to both qualitative and quantitative information, 
and retrospective analysis [26]. Moreover, because of 
known inefficiencies associated with MRM-based 
peptide quantification, including precursor ion signal 
dilution from multiple charging and further signal 
loss stemming from the multitude of peptide prod-
uct ion fragmentation pathways, we believe that sen-
sitivities exceeding TQMS can be achieved provided 
sufficient resolution is applied in the full scan mode. 
While the resolution used in this study exceeded 
the analyte molecular weight by more than 15-fold, 
it has been our experience that a mass resolution of 
70,000 or higher is routinely needed to analyze pro-
tein biomarkers in serum or plasma without resort-
ing to MS/MS even when immunoprecipitation is 
used for sample enrichment. We maintain that this 
is simply a consequence of plasma complexity and the 

large volumes (0.1–1 ml) currently required for low 
pg/ml biomarker analysis. While higher resolution is 
possible using orbitrap mass spectrometers, the inverse 
relationship with acquisition rate ultimately limits the 
number of points that may be acquired across a chro-
matographic peak. We anticipate that mass resolution 
exceeding 100,000 will be routinely deployed as fur-
ther refinements are made to this technology platform.

The viability of HRAM for low pg/ml peptide 
quantification, particularly without MS/MS, requires 
careful attention to the three factors cited above by 
Garofolo et al. In the present method, quantification 
was achieved by summing the A + 1 through A + 4 
isotopes for the [M + 5H]5+, [M + 6H]6+ and [M + 
7H]7+ charge states. In addition, each isotope was care-
fully examined to produce customized extraction win-
dows selected to optimize S/N. Blank matrix extracts 
were used in making these assessments. Utilizing this 
approach, an LLOQ of 7.8 pg/ml was achieved for 
the human plasma assay. Although a slightly elevated 
LLOQ of 15.6 pg/ml was achieved for the rat plasma 
assay, a reduced sample volume was employed (350 vs 
500 μl). Despite this achievement, a drawback to the 
present method is that it did not allow the fasting levels 
to be quantified for all human subjects. It is impor-
tant to recognize that the method employed a 2.1 mm 
ID column operated at 400 μl/min without 2D LC 
for on-line sample enrichment and without UHPLC. 
While this simplified approach to LC favors robust-
ness, future implementation of smaller bore chroma-
tography could be used to achieve LLOQs and/or to 
reduce sample volume. The fact that OXM 1–37 was 
detected in the samples from all fasted human subjects 
under the present conditions speaks to the potential 
strength of HRAM for future development of IA-MS 
biomarker methods.

Although the present article emphasizes IA sample 
preparation, it is important to recognize a growing 
trend towards non-IA methods for peptide biomarker 
quantification [31]. A recent example is the work by 
Howard et al. who quantified glucagon in human 
plasma (LLOQ 25 pg/ml) using an approach based on 
LC–MS/MS and SPE [32]. Despite the potential viabil-
ity of such methods, the extraordinary method devel-
opment needed to minimize the impact of background 
and ion suppression should not be underestimated.

Conclusion
OXM is a 37 amino acid peptide that is derived from 
tissue-specific processing of proglucagon in the intes-
tinal L-cells. OXM is a dual agonist of the GLP-1 
and glucagon receptors and has garnered interest as 
a potential therapeutic agent for obesity and Type 2 
diabetes. In this paper, IA enrichment coupled with 
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HRAM on an orbitrap mass spectrometer enabled a 
robust and sensitive method to be established for the 
reliable quantification of plasma OXM and its catabo-
lites. Utilizing this approach, key differences between 
human and rat OXM secretion in response to nutrient 
ingestion were ascertained, which could potentially 
further our understanding of OXM biology and assist 
with clinical translation. Furthermore, the benefits 
of utilizing HRAM in full scan mode on an orbitrap 
mass spectrometer at elevated resolution for peptide 
quantification have been highlighted.

Future perspective
From the biological perspective, the current ability to 
quantify OXM and its breakdown products will lead 
to new understandings about this peptide hormone 
and will assist current efforts aimed at exploiting the 
properties of OXM for therapeutic benefit. Specifi-
cally, the ability to measure OXM concentrations will 
enable studies to better characterize entero-endocrine 
regulatory mechanisms that control the response to 
nutrient ingestion. For instance, it will be important 
to determine differences in the abilities of various mac-
ronutrients to stimulate OXM secretion and whether 
different stimuli always lead to a comparable release 
of GLP-1. Additional studies evaluating the capabil-
ity of established GLP-1 secretagogues to also stimu-
late OXM secretion may help prioritize which phar-
macological mechanisms to pursue as potential new 
therapies for metabolic disease.

From the analytical side, the current IA-MS method 
for OXM demonstrates the ability to perform full scan 
HRAM for low pg/ml peptide quantification, without 
resorting to nanoelectrospray ionization, capillary LC 

or MS/MS. Importantly, this will lead to method sim-
plification and reduce the expertise required to perform 
high end IA-MS analysis, including multiprotein quan-
tification. At present, an unfortunate downside to the 
current approach is that extensive data manipulation 
is required both in the development and execution of 
HRAM methods. This issue was previously cited as a 
concern for HRAM methods performed by Q-ToF [28]. 
We believe this to be a temporary issue which can be 
addressed by software tools customized for quantitative 
HRAM applications. Finally, we believe that full scan 
HRAM methods will be increasingly deployed as larger 
and larger peptides are measured intact owing to the 
plurality of charge states encountered as size increases.
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Executive summary

• Oxyntomodulin (OXM) is one of several peptide hormones resulting from post-translational processing of 
proglucagon. Due to the high sequence similarity of OXM with other proglucagon-derived peptides, MS is an 
attractive tool for quantification.

• A validated method is presented which couples immunoaffinity enrichment with high-resolution accurate 
mass (HRAM) on an orbitrap mass spectrometer to quantify intact OXM 1–37 as well as its catabolites, 3–37, 
pE 3–37 and 4–37 in human and rat plasma both pre- and post-prandially.

• Data were obtained providing the first evidence for differences in the levels and forms of OXM between 
preclinical and clinical species.

• Full scan HRAM using elevated mass resolution (R = 70,000 FWHM) offers a competitive approach to existing 
SRM-based methods for low-abundance peptide biomarker quantification.

• The relative simplicity of full scan HRAM offers several advantages for biomarker analysis including simplified 
method development, ease of multi-analyte detection and the ability for postanalysis data mining.
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and solid-phase extraction. A slight separation, in terms of retention time, between 
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LC–MS/MS is an established methodology 
for quantitative measurement of small mol-
ecule drugs and/or their metabolite(s) in 
biological matrices to support drug discov-
ery [1,2] and development [3]. With the ever-
rising cost to develop and obtain marketing 
approval for a drug, there is great demand 
for faster and more cost-effective bioana-
lytical assays from early lead optimization to 
preclinical and clinical studies.

Various strategies have been applied to 
increase throughput of LC–MS/MS meth-
ods. Columns packed with sub-2 μm parti-
cles (generally termed ultra-high performance 
LC or UHPLC columns) can improve assay 
sensitivity, selectivity and throughput over 
traditional larger 5–10 μm particle columns 
for LC–MS/MS [4,5]. Kate et al. showed that 
up to threefold increase in throughput and 
one order of magnitude increase in detected 
peak height were realized with chromatogra-
phy using sub-2 μm particles [6]. Columns 
packed with fused-core particles have been 

demonstrated to increase assay through-
put [7,8]. Each fused-core particle, 2.7 μm in 
diameter, comprises a 0.5 μm porous shell 
and a solid 1.7 μm silica core particle. High-
throughput is realized with faster separation 
due to shorter mass transfer or diffusion path. 
high-throughput can be achieved via the use 
of high-flow chromatography. The inherent 
merit of low pressure drop offered by mono-
lithic columns facilitates the use of high flow. 
For instance, an eluting flow rate of 3.2 ml/
ml was applied on a monolithic C18 column 
compared with 1.2 ml/min from a traditional 
C18 column, where twofold gain in through-
put was realized with comparable chromato-
graphic separation and assay performance [9]. 
A flow rate up to 6 ml/min was used with a 
monolithic column for analysis of four ana-
lytes extracted from plasma, where baseline 
separation was achieved in 1 min [10]. Like-
wise, HILIC chromatography can be con-
ducted at high flow rate due to the use of 
high organic content (low column back pres-
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sure) [11]. High throughput can be accomplished via 
the use of parallel columns or HPLC systems with only 
one mass spectrometer [12,13] to increase the utilization 
of a mass spectrometer, allowing more samples to be 
run within a given time.

High-throughput bioanalysis can be realized with-
out sample clean up and/or chromatographic separa-
tions. Ambient desorption ionization techniques in 
combination with MS have been utilized for high-
throughput bioanalysis [14,15]. Direct analysis in real 
time (DART) coupled with a triple-quadrupole mass 
spectrometer has been developed and applied for direct 
analysis of samples from biological matrices [15]. DESI 
MS [16,17] was employed for high-throughput analysis of 
pharmaceutical samples, where sampling rates as high 
as two samples/s were achieved in the ambient envi-
ronment [16]. Laser diode thermal desorption (LDTD) 
MS/MS has been utilized to increase assay through-
put to support in vitro drug discovery bioanalysis of 
chemically diverse compound libraries [18]. Methodol-
ogies using an automated high-throughput solid-phase 
extraction tandem MS (HT-SPE/MS), for example, 
Rapid Fire™, were demonstrated with analysis times 
of 5–10 s per sample [19,20]. HT-SPE/MS integrates 
fast online SPE with MS detection. It should be noted, 
however, that the above-mentioned high-throughput 
approaches are accomplished with the sacrifice of sam-
ple preparation and/or chromatographic separation, 
where severe matrix effects are often accompanied. 
For example, significant matrix suppression, indicated 
by matrix factors ranging from approximately 0.05 to 
0.7 [15], was encountered when untreated raw plasma 
samples were analyzed. Matrix factor (MF) is the 
quantitative measure of matrix effect and is defined 
as the peak response of an analyte in the presence of 
matrix components over that in the absence of matrix 
components. Internal standard (IS) normalized matrix 
factor (IS-MF) is the MF of an analyte divided by the 
MF of its corresponding internal standard. MF of 1 
is most desirable, indicating no matrix suppression or 
enhancement. The high-throughput methods cited 
here are mostly aimed to support discovery bioanal-
ysis, where the assay performance requirements are 
fit-for-purpose and typically much less stringent than 
those expected of assays intended to support regulatory 
filing.

High-resolution MS (HRMS) [21,22,23] has emerged 
as an alternative detection technique for bioanalysis over 
triple quadrupole MS – the current standard platform. 
HRMS is capable of post-acquisition data processing, 
full-scan acquisition for multiple compounds and no 
need of compound-specific optimization. Jie et al. used 
UHPLC-HRMS to simultaneously measure 19 bile 
acids that exhibited poor fragmentation [24]. A high-res-

olution MS-LC multiplexing method was used to ana-
lyze phosphorylated peptides at sampling rates of up to 
18 s per sample [25]. Despite its advantages in mass selec-
tivity, HRMS is still subject to the same ESI-related 
matrix effect issues as low-resolution systems.

Striving for increased assay throughput must be 
balanced with assay integrity, especially for regulated 
bioanalysis. The speed of analysis should not under-
mine the quality of the data [26]. For example, results 
from the HT-SPE/MS approach showed severe matrix 
effects, with matrix factors (MF) ranging from 0.20 
to 0.68 for compounds tested, due to the lack of any 
chromato graphic separations [20]. Per regulatory guid-
ance requirements [27,28], bioanalytical assays intended 
to support regulatory filings should evaluated for 
matrix effects, which are one of the most important 
considerations for LC–MS/MS-based assays [29]. 
Matrix effects typically refer to either suppression or 
enhancement of ionization efficiency of an analyte 
due to the presence of co-extracted matrix compo-
nents such as dosing vehicles and phospholipids [30]. It 
is well documented that matrix effects can adversely 
impact assay sensitivity, accuracy and precision [31–36]. 
If uncompensated, inaccurate PK results and incor-
rect estimation of drug exposure could impact critical 
development and regulatory decisions.

As such, matrix effects should be thoroughly evalu-
ated for bioanalytical methods intended regulated 
analysis, especially with the use of high-throughput 
chromatography [37]. Assay throughput in LC–MS/
MS bioanalysis should be achieved with minimal 
matrix effects [38]. Here we conducted comprehensive 
characterization of matrix effects using high-through-
put chromatography (HTC) with run time ≤1 min. 
Sofosbuvir (protonated) and paclitaxel (sodiated) were 
chosen as model compounds. Their matrix effects, 
with or without correction from their corresponding 
stable labeled internal standards, were evaluated using 
HTC under 14 elution conditions with extracts from 
protein precipitation (PPT). Sofosbuvir’s matrix effects 
were further assessed using samples obtained from liq-
uid–liquid extraction (LLE) and SPE. Matrix effects 
for sofosbuvir were compared between a HALO C18 
column (2.1 × 20 mm, 5 μm) and an XBridge C18 
column (2.1 × 20 mm, 5 μm) using 14 HTC condi-
tions. Last but not the least, a total of 36 lots of plasma, 
six species with six different lots per species, was inves-
tigated for sofosbuvir’s matrix effects using an HTC 
with a run time of 0.6 min.

Experimental
Chemicals & reagents
Sodium acetate (≥99%), HPLC-grade acetonitrile 
(ACN), Methyl-t-butyl ether (MtBE, 99.9%) was from 
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Sigma-Aldrich. Formic acid (ACS grade) was from 
EMD. 2-Propanol (IPA) with HPLC grade was from 
J.T. Baker. Human, rat, dog, monkey, rabbit and mouse 
plasma containing K

2
EDTA; human plasma contain-

ing sodium fluoride/potassium oxalate; and human 
plasma containing sodium heparin as the anticoagulant 
were purchased from Biological Specialties.

Chromatographic conditions
The HPLC system was a Nexera (Shimadzu, MD, 
USA). Either an XBridge C18 column (2.1 × 20 mm, 
5 μm, Waters, MA, USA) or a HALO C18 column 
(2.1 × 20 mm, 5 μm, Advanced Materials Technology) 
was employed for the HTC evaluations. Chromatog-
raphy was performed at room temperature, and unless 
otherwise noted, the following screening conditions 
were used. Mobile phase A and B were 0.1% formic 
acid in water and 0.1% formic acid in acetonitrile, 
respectively. A total of 14 conditions were tested, where 
the initial organic content varied from 10, 15, 20, 25, 
30, 35, 40, 45, 50, 55, 60, 70, 80 to 95% of mobile 
phase B (i.e., acetonitrile). The isocratic elution lasted 
for 0.78 min followed by a 0.1-min wash at 95% aceto-
nitrile. The column was then equilibrated at the initial 
isocratic condition at 0.9 min and the chromatography 
stopped at 1 min. The flow rate was set at 1.5 ml/min.

MS
An API 4000 triple quadrupole mass spectrometer 
(AB Sciex) with Turbo Ion Spray was set up in positive 
ESI mode. The following conditions were optimized 
for sofosbuvir. The collision gas flow (CAD) was 8; 
curtain gas flow was 25; gas supply 1 (GS1) was 50; 
gas supply 2 (GS2) was 80. Ion spray voltage (IS) 
was 5000 V; source temperature (TEM) was 550°C; 
declustering potential was 40 V; collision energy was 
30 eV; entrance potential was 10 V; collision cell exit 
potential was 15 V. The multiple reaction monitoring 
(MRM) transitions for sofosbuvir and sofosbuvir-d6 
were m/z 530.2>243.1 and 536.1>243.1. The follow-
ing parameters were optimized for paclitaxel. The col-
lision gas flow (CAD) was 10; curtain gas flow was 25; 
gas supply 1 (GS1) was 30; gas supply 2 (GS2) was 80. 
Ion spray voltage (IS) was 5500 V; source temperature 
(TEM) was 550°C; declustering potential was 52 V; 
collision energy was 40 eV; entrance potential was 10 
V; collision cell exit potential was 20 V. The MRM 
transitions for paclitaxel and paclitaxel-d5 were m/z 
876.4 > 308.3 and 881.3> 313.3. The sodium adduct 
was monitored for both paclitaxel and paclitaxel-d5.

Analyst v 1.6.2 software (Applied Biosystems) was 
used in data analysis. When appropriate, a 1/con-
centration2 weighted linear regression was applied in 
quantitation.

Samples preparation
Matrix-containing test samples were prepared by spik-
ing sofosbuvir or paclitaxel into blank matrix extracts, 
while matrix-free test samples were prepared by spiking 
sofosbuvir or paclitaxel into a neat solution. The spik-
ing solutions for sofosbuvir or paclitaxel were prepared 
at 100 ng/ml with their corresponding internal stan-
dards at 1000 ng/ml, in diluent/reconstitution buf-
fer (Tween-20/acetonitrile/water, 0.1:10:89.9, v/v/v). 
Matrix-containing samples were prepared by extract-
ing blank plasma from PPT, LLE or SPE, followed by 
postspiking with the neat analyte/IS solutions.

PPT procedures for blank & CAL/QC samples
A 50 μl plasma sample aliquot was added to a 96-well 
plate, followed by addition of 25 μl of working inter-
nal standard in ACN/water (1:1, v/v) or ACN/water 
(1:1, v/v) for blank samples. Samples were mixed for 
1 min. Each well was treated with 300 μl of ACN to 
precipitate plasma proteins. The plate was vortexed 
and centrifuged. Either a 100 μl aliquot of supernatant 
(matrix-containing) or a 100 μl aliquot of reconstitu-
tion solvent (matrix-free) was transferred to clean wells 
containing 100 μl of a neat spiking analyte/IS solution 
for matrix factor analysis.

LLE procedures for blank samples
A 50 μl of plasma sample aliquot was transferred to a 
96-well plate, followed by addition of 25 μl of ACN/
water (1:1, v/v). The plate was mixed. Each sample well 
received 800 μl of MtBE (100%). The plate was vor-
texed and centrifuged at 2500 rpm for 5 min at room 
temperature. Seven hundred microliters of the upper 
organic layer were transferred to a clean 96-well plate. 
The organic layers were evaporated to dryness under 
a stream of nitrogen. Finally, 200 μl of a neat recon-
stitution solution with analyte/IS was added to either 
wells of dried extracts from plasma blanks (matrix 
containing) or clean wells (matrix free).

SPE procedures for blank samples
SPE extractions were conducted using OASIS HLB 
(Waters), in other words, RP-SPE. The HLB plate was 
conditioned with 1 ml methanol and 1 ml water. A 
50 μl sample aliquot was transferred to a 96-well plate, 
followed by addition of 25 μl of ACN/water (1:1, v/v). 
The plate was mixed. The entire samples were then 
loaded to the equilibrated HLB plate. The HLB plate 
was washed with 1 ml water and 1 ml 10% metha-
nol in water, followed by elution with 1 ml methanol. 
The eluate was evaporated to dryness. Finally, 450 μl 
of a reconstitution solution with analyte/IS was added 
to either wells of dried extracts from plasma blanks 
(matrix containing) or clean wells (matrix free).
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Results & discussion
Matrix effects under different high-
throughput chromatographic conditions
One of the central questions to apply high-throughput 
chromatography (HTC) in bioanalysis, in other words, 
with a run time ≤ 1 min, is how to prevent adverse 
matrix effects. To answer this question, sofosbuvir and 
paclitaxel were employed as model compounds. Their 
matrix factors (MFs) and internal standard normalized 
matrix factors (IS-MFs) were measured under HTC in 
triplicate with extracts obtained via PPT, considered 
to be the least effective sample preparation method at 
removing (nonprotein) matrix components [31]. A total 
of 14 conditions were tested using an XBridge C18 
column (2.1 × 20 mm, 5 μm).

Figure 1 shows sofosbuvir’s MFs (black bars, left axis) 
and IS-MFs (red bars, left axis) under 10 to 95% of ace-
tonitrile isocratic elution. The line with blue rectangles 
depicts the corresponding retentivity or k’ (right axis). 
Retentivity, in other words, retention factor or k’, refers 
to the time an analyte stays in the stationary phase 
relative to the time it resides in the mobile phase [39]. A 
retention factor of at least 2 is generally recommended 
for bioanalysis to alleviate matrix effects. From 80 to 
95% ACN, sofosbuvir was not retained on the column 
and was eluted at the void volume (i.e., 0.06 min). Its 
MFs were 0.143 ± 0.023 and 0.212 ± 0.014 (n = 3) at 
95 and 80% acetonitrile, respectively. Sofosbuvir MS 
signal was greatly suppressed likely due to coelution of 
matrix suppressing components at the void. Decreasing 
ACN from 95 to 80%, certain matrix ion suppressing 
components could be retained on the column, lead-
ing to a slightly reduced suppression. Sofosbuvir’s IS-
normalized matrix factors (IS-MFs) were 1.113 ± 0.072 
and 1.255 ± 0.122 (n = 3), where sofosbuvir-d6 largely 
corrected sofosbuvir’s signal variation. Nevertheless, 
sofosbuvir-d6 did not seem to completely compensate 
for sofosbuvir’s matrix effects as expected given that 
sofosbuvir-d6 is the stable isotope-labeled version of 
sofosbuvir, both of which co-eluted chromatographi-
cally. This is possibly related to ESI mechanisms [40,41]. 
Molecules are distributed within ESI droplets depend-
ing on their hydrophobicity [40]. The more hydropho-
bic a molecule, the closer it stays to the surfaces of ESI 
droplets, and it is more likely ionized. In comparison, 
polar compounds, staying close to an ESI droplet’s cen-
ter, are less efficiently ionized during ESI. The addition 
of six deuterium atoms makes sofosbuvir-d6 slightly 
more polar than sofosbuvir. It is postulated that sofos-
buvir and sofosbuvir-d6 were ionized a little differ-
ently in ESI, leading to a slight difference in MFs for 
sofosbuvir and sofosbuvir-d6. Therefore, the IS-MF for 
sofosbuvir is not 1. Specifically, sofosbuvir-d6 was more 
suppressed by matrix components than sofosbuvir was.

When acetonitrile was reduced from 70 to 45%, 
sofosbuvir’s MFs increased from 0.275 ± 0.010 to 0.901 
± 0.022 (n = 3). Its retention time increased slightly 
from 0.07 to 0.09 min. The results suggested that a 
small but adequate separation between underlying 
matrix suppression components and sofosbuvir greatly 
alleviates its matrix effects. Hence, sofosbuvir’s MF 
was increased to 0.901 even with a k’ of 0.33. Sofos-
buvir’s IS-MFs changed from 1.202 (70% B), 1.192 
(60% B), 1.070 (55% B), 1.013 (50% B), to 1.043 
(45% B). The improvement in IS-MFs is likely due 
to the increased chromatographic separation between 
sofosbuvir/sofosbuvir-d6 and matrix components. With 
further reduction in acetonitrile strength (40–25% 
ACN), the retention time of sofosbuvir was increased 
from 0.11 to 0.55 min (k’ from 0.83 to 8.17). Sofos-
buvir’s MFs (IS-MFs) are 1.021 (0.962) at 40%, 0.945 
(0.990) at 35%, 0.970 (0.914) at 30% and 1.049 (1.043) 
at 25%, all of which are within the range of 0.9–1.1 
(bracketed by black lines). The results demonstrated 
that HTC can provide near matrix-free conditions for 
optimum detection of compounds such as sofosbuvir.

Majority of small molecules have sufficient inherent 
basicity to be ionized via protonation in the positive 
ESI mode. Others have electronegative sites that may 
readily attract cationic species, including alkali metal 
ions and ammonia, to form adduct ions. Thus it would 
be valuable to evaluate how matrix effects are impacted 
when analyte ions are generated as adducts. Paclitaxel 
was chosen as a model compound, as it is readily mea-
sured in LC–MS as adducts of sodium, which is com-
mon in solvents used for bioanalysis. The same sys-
tematic experiments for sofosbuvir were conducted for 
paclitaxel prepared in PPT extracts. Figure 2A shows 
paclitaxel’s MFs (black bars, left axis) and IS-MFs (red 
bars, left axis) as a function of acetonitrile strength 
from 10 to 95%. The line with blue rectangles is the 
corresponding retentivity (right axis). From 80 to 95% 
ACN, paclitaxel showed no retention on the column 
and eluted at the void volume (∼0.06 min). When ace-
tonitrile was reduced to 70%, its retention increased 
slightly from 0.06 to 0.09 min. Paclitaxel’s MFs were 
5.469 ± 0.513 (n = 3), 7.440 ± 0.297 (n = 3) and 7.843 
± 0.700 (n = 3) at 95, 80 and 70% acetonitrile, respec-
tively, indicating significant ionization enhancement 
for paclitaxel sodium adduct signals. Under these chro-
matographic conditions, sodium, from plasma extracts 
and reagents, co-eluted with paclitaxel at the void vol-
ume. Sodium is excessively abundant in ESI droplets, 
making its positive charges readily available for pacli-
taxel and paclitaxel-d5. Hence, the apparent ioniza-
tion efficiency for paclitaxel, as sodium adducts, from 
plasma extracts is much higher than that from a neat or 
matrix-free solution. Paclitaxel’s MFs were compared 
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Figure 1. Shows the matrix factors, internal standard normalized matrix factors and retentivity of sofosbuvir 
using high-throughput chromatography. Extracts were from protein precipitation.
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using extracts obtained from LLE and SPE as well. 
The results (not shown) illustrated that LLE and SPE 
resulted in reduced ionization enhancement than PPT 
when eluted at void. The observation suggests that an 
excess of sodium ions at the void contributes to the 
enhancement.

In comparison, the paclitaxel’s IS-MFs were 0.983 ± 
0.121 (n = 3), 0.918 ± 0.061 (n = 3) and 1.053 ± 0.083 
(n = 3) at 95, 80 and 70% acetonitrile, respectively. 
The IS-MFs are all within 0.90–1.10, demonstrating 
that paclitaxel-d5 compensated well for the variability 
of paclitaxel response even when paclitaxel eluted at 
the void. Compared with sofosbuvir-d6, paclitaxel-d5 
seemed to track paclitaxel better at void volume. This 
could be, in part, attributed to the nature of sodium 
adducts. In ESI droplets, there are excessive amounts 
of sodium available and there is negligible competi-
tion to form adducts with other positively charge spe-
cies. When acetonitrile is further reduced to 60%, the 
retention time of paclitaxel is increased to 0.11 min 
with a k” of 0.57. Its MF became 1.095, indicating lit-
tle matrix effects. This drastic change in MF (i.e., MFs 
reduced from 7.843 at 0.09 min to 1.095 at 0.11 min) 
suggests that paclitaxel moved away from the void zone 
(0.06 min), where sodium was especially abundant.

Outside the void, sodium ions are most likely from 
mobile phases instead of plasma extracts. Therefore, 
matrix effects driven by the availability of excessive 
sodium should no longer be related to matrix. Rather, 
matrix effects were derived from other matrix compo-

nents than sodium. Paclitaxel showed increasing reten-
tion on the column when acetonitrile was reduced 
from 60 to 40%. Paclitaxel’s MFs were 1.014 (55% B), 
1.172 (50% B), 1.141 (45% B) and 1.181 (40% B), 
while its IS-MFs were 1.011 (55% B), 0.984 (50% B), 
0.951 (45% B) and 0.951 (40% B) respectively. Appar-
ently, paclitaxel-d5 compensated paclitaxel’s response 
better than sofosbuvir-d6 did for sofosbuvir. This may 
be explained by the fact that the polarity difference 
between paclitaxel and paclitaxel-d5 is smaller than 
that between sofosbuvir and sofosbuvir-d6. In other 
words, paclitaxel-d5 ionized more closely to paclitaxel 
than sofosbuvir-d6 to sofosbuvir. When the percentage 
of acetonitrile is further reduced to and below 35%, 
paclitaxel retained on the column during the iso-
cratic elution and did not elute until acetonitrile was 
increased to 95% during column flush. This region 
was not recommended for bioanalysis. Figure 2B shows 
paclitaxel’s IS-MFs encompassing the entire range of 
chromatographic conditions, in other words, isocratic 
elution from 10 to 95% acetonitrile. The top and bot-
tom lines correspond to values of 1.1 and 0.9. The 
results show that paclitaxel-d5 tracked paclitaxel suffi-
ciently under all 14 high-throughput chromatographic 
conditions evaluated.

Matrix effects under different sample 
preparation methods
Sample preparation plays a key role in reducing matrix 
effects in LC–MS/MS-based bioanalysis [31]. Matrix 
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Figure 2. Shows the matrix factors, internal standard normalized matrix factors and retentivity of paclitaxel using 
high-throughput chromatography. Extracts were from protein precipitation.
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effects were systematically evaluated for sofosbuvir 
under the same 14 HTC conditions using extracts 
obtained from three common sample preparation tech-
niques, PPT, LLE and SPE. For each sample prepa-
ration technique, sofosbuvir’s MFs were measured in 
triplicate (n = 3) at each isocratic elution conditions, 
ranging from 10 to 95% acetonitrile. Figure 3A shows 
sofosbuvir’s matrix factors as a function of acetonitrile 
strength, using extracts from PPT (black bars), LLE 

(red bars) and SPE (green bars). At 95% acetonitrile, 
sofosbuvir was not retained on the column, co-eluting 
along with the majority of co-extracted matrix com-
ponents. As anticipated, severe matrix ion suppression 
was observed regardless of what sample extraction 
method was employed. Specifically, sofosbuvir MFs 
were 0.143, 0.404 and 0.350 from PPT, LLE and SPE, 
respectively. The injection volume was the same under 
each condition. Although the amount of matrix com-
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Figure 3. Shows sofosbuvir’s matrix factors (A) and sofosbuvir-d6 IS-normalized matrix factors (B) under 
different isocratic elution, from 10 to 95% acetonitrile, using extracts from three commonly used sample 
extraction methods – protein precipitation, liquid–liquid extraction and solid phase extraction.
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ponents injected may differ among PPT, SPE and LLE, 
sofosbuvir’s MFs may be used to qualitatively gauge 
the effectiveness of extraction methods in removing 
matrix-effect-causing materials. The results indicated 
increasing effectiveness in the order of PPT, SPE and 
LLE, where LLE provides the cleanest sample extracts 
for sofosbuvir, similar to observations from a previous 
study [31].

The 14 chromatographic conditions can be divided 
into three regions. In the first region from 50 to 95% 
acetonitrile, sofosbuvir showed no or little retention 
on the column. Severe matrix suppression, approxi-
mately 37 to 86%, was observed from PPT extracts. 
From 50 to 80% acetonitrile, sofosbuvir’s MFs were 
all within 15% of the nominal value for SPE and 
LLE, demonstrating that HTC effectively separated 
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sofosbuvir from matrix components derived from 
SPE and LLE. In the second region from 25 to 45% 
acetonitrile, sofosbuvir was increasingly retained on 
the column. Chromatography in this region is ideal 
for bioanalysis. Sofosbuvir’s MFs were within ±15% 
of 1 for PPT and LLE. Given that significant matrix 
suppressing components were present in the PPT 
extracts, the results supported that HTC could effec-
tively separate sofosbuvir from matrix components. 
At 30 and 35% acetonitrile, approximately 80% of 
matrix enhancement was observed from SPE. This 
may be due to the specific chromatography condi-
tions that resulted in co-elution of matrix enhance-
ment components from SPE. The results showed that 
matrix effects in LC–MS/MS-based bioanalysis are a 
combined effect of sample preparation and chroma-
tography. The third region, from 10 to 20% acetoni-
trile, was unusable for bioanalysis, as sofosbuvir was 
completely retained on the column.

Figure 3B shows sofosbuvir’s IS-MFs using extracts 
from PPT (black bars), LLE (red bars), and RP-SPE 
(green bars) under the same 14 chromatographic con-
ditions. The IS-MFs were mostly within ± 15% of the 
nominal value for all three sample preparation meth-
ods, demonstrating that sofosbuvir-d6 sufficiently 
compensated for matrix effects impacting sofosbuvir. 
One exception was that the IS-MFs from PPT in the 
region of 60–80% acetonitrile were about 1.2. In the 
practical chromatographic region, 25–45% acetoni-
trile, IS-MFs were from 0.914 to 1.043 for PPT, from 
1.008 to 1.116 for SPE and from 0.963 to 1.043 for 
LLE. Overall, the results showed that LLE provides 
cleaner extracts for sofosbuvir than SPE, while PPT 
is the least effective approach in removing matrix 
components.

Matrix effects with the use of different 
columns
Chromatography plays a key role in mitigating matrix 
effects. To evaluate how columns impact matrix 
effects, two commonly used columns were evaluated, 
in other words, a fully porous column – BEH eth-
ylene bridge hybrid silica particle XBridge C18 (20 
mm × 2.1 mm, 5 μm) and a superficially porous – 
fused core particle HALO C18 (20 mm × 2.1 mm, 5 
μm). Sofosbuvir’s MFs were measured from samples 
prepared from PPT extracts using the same 14 condi-
tions as described previously. Figure 4A depicts sofos-
buvir’s MFs under various isocratic elution condi-
tions, from 10 to 80% acetonitrile, using superficially 
porous C18 column (the red line with solid triangles) 
and the porous XBridge C18 column (the dark blue 
line with solid rectangles), respectively. All other 
parameters such as mobile phases, flow rates and gra-

dient profiles were kept the same. The void volume 
for the HALO column corresponded to a retention 
time of approximately 0.04 min, while that for the 
XBridge column was approximately 0.06 min. That 
the fused-core column has a smaller void than the 
porous one may be attributed to more uniform par-
ticle size distributions [7]. This leads to a more tightly 
packed HALO column and a smaller void volume.

In the region of 50–95% acetonitrile, sofosbuvir 
was almost unretained and eluted at or near the void 
volume for either column. Sofosbuvir was consider-
ably more suppressed from the HALO column than 
the XBridge one. For instance at 95% acetonitrile, 
sofosbuvir’s MFs are 0.143 ± 0.023 (n = 3) and 0.054 
± 0.020 (n = 3) for the porous and superficially 
porous column, respectively. Sofosbuvir’s IS-MFs are 
1.727 ± 0.776 (n = 3) for the HALO column and 
1.113 ± 0.072 (n = 3) for the XBridge column. Due to 
high variability especially from the HALO column, 
sofosbuvir’s MF and IS-MF at 95% acetonitrile elu-
tion were not included in Figure 4. At 50% acetoni-
trile, sofosbuvir’s MFs are 0.627 ± 0.021 (n = 3) from 
the XBridge column and 0.136 ± 0.016 (n = 3) from 
the HALO column, indicating a 4.6-fold more sup-
pression from the superficially porous column. One 
potential explanation is the column loading capacity 
difference between the two sorbent types. Column 
loading capacity can be defined as the maximum 
amount of sample load in a column that leads to less 
than 10% loss of chromatographic efficiency [42]. The 
total surface area of sorbent materials in a column 
defines its loading capacity. The surface area and 
the bulk density of packing materials determine the 
total surface of a column. The surface areas of a C18 
porous column and a superficially porous column are 
300 m2/g and 150 m2/g, respectively [43]. In practice, 
the loading capacity of the porous C18 column was 
∼53% more than the superficially porous column 
(of the same dimension) [43]. The relative difference 
in loading capacity of the two columns used in the 
study (20 × 2.1 mm) should be similar to those (100 
× 4.6 mm) reported previously [43]. Therefore, it is 
reasonable to expect that the porous XBridge C18 
column has ∼53% more loading capacity than the 
superficially porous Halo column. As a result, the 
porous XBridge column can handle a larger amount 
of matrix components that would otherwise overload 
the Halo column and coelute/suppress sofosbuvir’s 
signal.

When the percentage of acetonitrile was reduced 
to 40%, the difference in terms of sofosbuvir sup-
pression between the two columns was lessened, 
where the MFs of sofosbuvir were 1.021 ± 0.022 (n 
= 3) and 0.314 ± 0.009 (n = 3) for the porous and 

the collectables_year in bioanalysis.indb   206 13/10/2017   11:03:19



www.future-science.com 207

Figure 4. Sofosbuvir’s matrix factors (A) and sofosbuvir-d6 IS-normalized matrix factors (B) under various 
isocratic elution (10–80% acetonitrile) using two different columns, an Xbridge C18 column (2.1 × 20 mm, 5 μm) 
and a Halo C18 column (2.1 × 20 mm, 5 μm).
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superficially porous columns correspondingly. There 
was almost no matrix suppression from the porous 
column. At 30% acetonitrile, no matrix suppression 
was seen for both porous and superficially porous 
columns. From 10 to 20% acetonitrile, sofosbuvir 
was fully retained on both columns and eluted only 
at the flush stage with 95% acetonitrile. Therefore, 
the optimal region of elution with minimal matrix 
effects is from 25 to 30% ACN for the Halo column 

and from 25 to 45% ACN for the XBridge column. 
This significant difference in the matrix effects-free 
region of operation can, at least partly, be ascribed to 
the difference in column loading capacity. Figure 4B 
depicts sofosbuvir’s IS-MFs. Sofosbuvir-d6 tracked 
sofosbuvir well overall. For instance, the IS-MFs are 
all within ±15% of the nominal value in the region 
10–55% acetonitrile. The variation is slightly higher 
when acetonitrile is at or above 60% acetonitrile.
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Figure 5. Matrix factors and internal standard normalized matrix factors for sofosbuvir from six common species (six different lots 
each) used in drug discovery and development under high-throughput chromatography.
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Matrix effects of plasma from different species 
& lots
To thoroughly evaluate matrix effects under high-
throughput chromatography, sofosbuvir’s MFs and 
IS-MFs were measured from six different lots of 
plasma from rat, mouse, rabbit, monkey, dog and 
human – six common species in drug discoversy and 
development [32,44]. There were three replicates per 
measurement. A 0.6-min high-throughput chroma-
tography was used. Mobile phase A and B are 0.1% 
formic acid in water and acetonitrile, respectively. The 
XBridge C18 column (2.1 × 20 mm, 5 μm) was used 
at a flow rate of 1.5 ml/min. The gradient is: 0 min 
(20% B), 0.05 min (40% B), 0.3 min (40% B), 0.31 
min (95% B), 0.41 min (95% B), 0.42 min (20% B) 
and 0.60 (20% B/Stop). Under this chromatographic 
conditions, sofosbuvir eluted at 0.24 min (k´ = ∼3).

The left panel of Figure 5 shows the sofosbuvir’s MFs 
from six different lots of plasma from six common spe-
cies, in other words, dog (solid red circles), human 
(open red circles), mouse (solid blue triangles), mon-
key (open blue triangles), rabbit (solid black rectangles) 
and rat (open black rectangles). Overall, sofosbuvir’s 
matrix factors for all 36 lots of plasma are in the range 
of 0.9–1.1. The matrix factor variations, in terms of 
different lots of the same species or different lots across 
six different species, are all within ± 10%. The results 
clearly showed that the 0.6-min HTC effectively mini-
mizes matrix effects for sofosbuvir and can be reliably 
applied for regulated bioanalysis. This level of chro-
matography throughput, 36 s/sample, essentially rivals 
other approaches without sample preparation and/or 
chromatography [14–20,45] but offers the benefit of hav-
ing matrix effects under control. With a close exami-

nation of the results, the MFs from 33 plasma lots are 
all within ± 5% of the nominal value. Lot #5 from 
mouse, lot #1 from monkey and lot #5 from human 
had matrix factors of 1.094, 0.9345 and 0.943, slightly 
outside of ± 5% but within ± 10%.

The right panel of Figure 5 shows sofosbuvir’s IS-
MFs from the same six different lots of plasma from 
dog (solid red circles), human (open red circles), 
mouse (solid blue triangles), monkey (open blue tri-
angles), rabbit (solid black rectangles) and rat (open 
black rectangles). In all, the IS-MFs for all 36 lots of 
plasma are in the range of 0.97–1.03. The variations, 
in terms of different lots (same species) or different lots 
across six different species, are all within ± 3%. The 
results showed that sofosbuvir-d6 tracked sofosbuvir 
well under this sub-minute high-throughput chro-
matography. Based on results from Figure 1, sofosbu-
vir MF and IS-MF at 40% acetonitrile is 1.021 and 
0.962. This observation agreed well with results from 
this sub-minute chromatography, where sofosbuvir 
eluted at 40% acetonitrile. The fact that sofosbuvir’s 
MFs and IS-MFs are all within 0.9–1.1 from different 
lots and different species strongly supports that matrix 
effects can be successfully managed with the use of 
high-throughput, sub-minute chromatography.

The performance of the sub-minute chromatogra-
phy was further assessed. Figure 6 shows representative 
chromatograms of sofosbuvir from an LLOQ sample 
(blue/top trace) and a matrix blank (black/bottom 
trace) using the sub-minute chromatography. Human 
plasma samples were processed using PPT as described 
in the Experimental section. Sofosbuvir’s reten-
tion time was 0.24 min corresponding to a k’ of 2.4. 
Sofosbuvir was baseline separated from an interfer-
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Figure 6. Representative chromatograms of sofosbuvir from an LLOQ sample (blue/top trace) and a matrix blank 
(black/bottom trace) using a high-throughput chromatography. Protein precipitation was employed for sample 
cleanup.
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ence peak, presumably from PPT – the least effective 
sample cleanup method. PPT was chosen to challenge 
the performance of the sub-minute chromatography. 
The signal-to-noise ratio for sofosbuvir at LLOQ is 
greater than 10. Table 1 lists the precision and accuracy 
of six levels of sofosbuvir QCs measured by the sub-
minute HTC (n = 6, 1 run) and a previously validated 
2-min chromatography (n = 18, 3 runs). The intra-
assay accuracy for the six QCs was between 98.3 and 
107.4% (n = 6), and between 3.0 and 9.9% (n = 6) in 
terms of precision for the sub-minute chromatography 
(0.6 min). For the 2-min chromatography, the inter-
assay accuracy for the six QC levels was between 96.9 
and 101.9% (n = 18), and between 2.3 and 3.9% (n = 
6) in terms of precision. In all, the results demonstrate 
that the bioanalytical method using the sub-minute 
chromatography performs similarly to the one with 
approximately threefold longer in run time.

Conclusion
High-throughput chromatography, defined as having 
a run time of ≤1 min, was systematically evaluated for 
matrix effects of sofosbuvir (protonated) and pacli-
taxel (sodiated) using extracts derived from PPT. The 
results demonstrated that a small but adequate sepa-
ration between underlying matrix suppression com-
ponents and sofosbuvir/paclitaxel can greatly alleviate 
matrix effects. A stable isotope (i.e., deuterium) labeled 
internal standard may not always fully compensate for 

matrix effects of its nonlabeled analyte. LLE generally 
provides cleaner extracts than RP-SPE, while PPT is 
the least effective tool in removing matrix components. 
With the same dimensions, columns packed with 
superficially porous particles have a narrower window 
of matrix effects free region than those packed with 
porous particles. Column loading capacity could be a 
potential explanation for the difference, where columns 
packed with fully porous particles can handle larger 
amounts of matrix components without being over-
loaded. Last, a sub-minute high-throughput chroma-
tography (e.g., 36 s) was employed to evaluate matrix 
effects of sofosbuvir prepared from PPT extracts of 36 
lots of plasma from six common species (six different 
lots per species) used in drug discovery and develop-
ment. Essentially no matrix effects were observed for 
sofosbuvir from all 36 lots of plasma under the sub-
minute chromatography. In all, results amply dem-
onstrated that matrix effects can be effectively man-
aged under high-throughput chromatography that is 
practical and amenable for regulated bioanalysis.

Future perspective
Quantitative bioanalysis is an integral part of the 
drug discovery and development continuum and 
plays a vital role throughout the entire process. High-
throughput bioanalysis can help shorten the time to 
bring therapies to market. High-throughput bio-
analysis has been widely employed in drug discovery. 
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The high-throughput in discovery is often realized 
with minimal or no sample preparation and/or chro-
matographic separation. Substantial matrix effects 
are typically inevitable as a result. Nevertheless, the 
high-throughput bioanalytical methods can provide 
results adequate for decision making appropriate for 
the intended purposes. High-throughput bioanalysis 
can be practical and amenable to regulated bioanaly-
sis as well. It is important to note that high through-
put in this context shall be achieved without sacrifice 
of quality. High-throughput LC–MS methods can 
be realized via high-throughput chromatography 
and/or in combination with effective sample clean 
up, where matrix effects can be minimal. High-
throughput bioanalytical methods need to be com-
prehensively evaluated to ensure method reliability 
and robustness.
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Table 1. Precision and accuracy of six levels of sofosbuvir from a sub-minute chromatography (n = 6, 
1 run) and a regular chromatography (n = 18, 3 runs).

QC level Conc. (ng/ml) Accuracy (%)† (n = 6) Accuracy (%)‡ (n = 18)

QC 1 5.00 105.2 ± 9.9 98.2 ± 3.9

QC 2 12.5 103.1 ± 3.6 101.9 ± 2.3

QC 3 30.0 107.2 ± 5.5 101.5 ± 2.3

QC 4 120 105.7 ± 3.0 99.5 ± 2.5

QC 5 400 107.4 ± 3.1 99.7 ± 2.5

QC 6 1900 98.3 ± 5.5 96.9 ± 2.7
†Results are obtained one run using a 0.36-min high-throughput chromatography.
‡Results are obtained from three accuracy and precision runs from a fully validated assay using a 2-min chromatography.

Executive summary

• A slight but adequate separation, in terms of retention time, between underlying matrix components and 
compounds of interest, for example, sofosbuvir and paclitaxel, can greatly alleviate matrix effects.

• Matrix effects in LC–MS/MS-based bioanalysis are largely a combined effect of sample preparation and 
chromatography.

• A deuterium-labeled internal standard may not always fully compensate for matrix effects of its nonlabeled 
analyte.

• The column packed with superficially porous particles exhibited a narrower matrix effects free elution window 
than that packed with porous particles of the same size. Column loading capacity may play a role.

• High-throughput chromatography, with proper optimization, can provide rapid and effective 
chromatographic separation under 1 min to alleviate matrix effects and enhance assay ruggedness for 
regulated bioanalysis.

References
Papers of special note have been highlighted as:  
• of interest; •• of considerable interest

1 Ackermann BL, Berna MJ, Murphy AT. Recent advances 
in use of LC/MS/MS for quantitative high-throughput 
bioanalytical support of drug discovery. Curr. Top. Med. 
Chem. 2(1), 53–66 (2002).

2 Balani SK, Miwa GT, Gan LS, Wu JT, Lee FW. Strategy 
of utilizing in vitro and in vivo ADME tools for lead 

optimization and drug candidate selection. Curr. Top. Med. 
Chem. 5(11), 1033–1038 (2005).

3 Jemal M, Xia YQ. LC–MS Development strategies for 
quantitative bioanalysis. Curr. Drug. Metab. 7(5), 491–502 
(2006).

4 Swartz ME. UPLC™: an introduction and review. J. Liquid. 
Chromatogr. Relat. Technol. 28(7–8), 1253–1263 (2005).

5 Churchwell MI, Twaddle NC, Meeker LR, Doerge DR. 
Improving LC–MS sensitivity through increased in 

the collectables_year in bioanalysis.indb   210 13/10/2017   11:03:20



www.future-science.com 211future science group

Characterization of matrix effects in developing rugged high-throughput  LC–MS/MS methods for bioanalysis   Research Article

chromatographic performance: comparisons of UPLC-ES/
MS/MS to HPLC-ES/MS/MS. J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci. 825(2), 134–143 (2005).

6 Yu K, Little D, Plumb R, Smith B. High-throughput 
quantification for a drug mixture in rat plasma-a comparison 
of Ultra Performance liquid chromatography/tandem mass 
spectrometry with high-performance liquid chromatography/
tandem mass spectrometry. Rapid Commun. Mass 
Spectrom. 20(4), 544–552 (2006).

7 Hsieh Y, Duncan CJ, Brisson JM. Fused-core silica column 
high-performance liquid chromatography/tandem mass 
spectrometric determination of rimonabant in mouse plasma. 
Anal. Chem. 79(15), 5668–5673 (2007).

8 Mallett DN, Ramirez-Molina C. The use of partially 
porous particle columns for the routine, generic analysis 
of biological samples for pharmacokinetic studies in drug 
discovery by reversed-phase ultra-high performance liquid 
chromatography-tandem mass spectrometry. J. Pharm. 
Biomed. Anal. 49(1), 100–107 (2009). 

• Utility of high flow monolithic chromatography in 
high-throughput bioanalysis.

9 Deng Y, Wu JT, Lloyd TL, Chi CL, Olah TV, Unger 
SE. High-speed liquid chromatography/tandem mass 
spectrometry using a monolithic column for high-throughput 
bioanalysis. Rapid Commun. Mass Spectrom. 16(11), 
1116–1123 (2002).

10 Huang MQ, Mao Y, Jemal M, Arnold M. Increased 
productivity in quantitative bioanalysis using a monolithic 
column coupled with high-flow direct-injection liquid 
chromatography/tandem mass spectrometry. Rapid Commun. 
Mass Spectrom. 20(11), 1709–1714 (2006).

11 Xu RN, Fan L, Rieser MJ, El-Shourbagy TA. Recent advances 
in high-throughput quantitative bioanalysis by LC–MS/MS. 
J. Pharm. Biomed. Anal. 44(2), 342–345 (2007).

12 Korfmacher WA, Palmer CA, Nardo C et al. Development of 
an automated mass spectrometry system for the quantitative 
analysis of liver microsomal incubation samples: a tool for 
rapid screening of new compounds for metabolic stability. 
Rapid Commun. Mass Spectrom. 13(10), 901–907 (1999).

13 Jian W, Edom RW, Xu Y, Weng N. Recent advances in 
application of hydrophilic interaction chromatography for 
quantitative bioanalysis. J. Sep Sci. 33(6–7), 681–697 (2010). 

• Bioanalytical applications of ambient desorption ionization 
mass spectrometry (DART, DESI).

14 Chernetsova ES, Morlock GE. Ambient desorption 
ionization mass spectrometry (DART, DESI) and its 
bioanalytical applications. Bioanalyt. Rev. 3(1), 1–9 (2011).

15 Harris GA, Galhena AS, Fernández FM. Ambient sampling/
ionization mass spectrometry: applications and current 
trends. Anal. Chem. 83(12), 4508–4538 (2011).

16 Chen H, Talaty NN, Takáts Z, Cooks RG. Desorption 
electrospray ionization mass spectrometry for high-
throughput analysis of pharmaceutical samples in the 
ambient environment. Anal. Chem. 77(21), 6915–6927 
(2005).

17 Manicke NE, Kistler T, Ifa DR, Cooks RG, Ouyang Z. 
High-throughput quantitative analysis by desorption 

electrospray ionization mass spectrometry. J. Am. Soc. Mass 
Spectrom. 20(2), 321–325 (2009). 

• Evaluation of laser diode thermal desorption (LDTD)- 
MS/MS for high-throughput discovery bioanalysis.

18 Beattie I, Smith A, Weston DJ, White P, Szwandt S, Sealey 
L. Evaluation of laser diode thermal desorption (LDTD) 
coupled with tandem mass spectrometry (MS/MS) for 
support of in vitro drug discovery assays: Increasing scope, 
robustness and throughput of the LDTD technique for 
use with chemically diverse compound libraries. J. Pharm. 
Biomed. Anal. 59, 18–28 (2012).

19 Wagner AD, Kolb JM, Ozbal CC et al. Ultrafast mass 
spectrometry based bioanalytical method for digoxin 
supporting an in vitro P-glycoprotein (P-gp) inhibition screen. 
Rapid Commun. Mass Spectrom. 25(9), 1231–1240 (2011). 

• Evaluation a high-throughput SPE-MS/MS strategy for 
bioanalysis with analysis time of approximately  
10 s/sample.

20 Jian W, Romm MV, Edom RW, Miller VP, LaMarr WA, 
Weng N. Evaluation of a high-throughput online solid 
phase extraction–tandem mass spectrometry system for in 
vivo bioanalytical studies. Anal. Chem. 83(21), 8259–8266 
(2011).

21 Ramanathan R, Jemal M, Ramagiri S et al. It is time for a 
paradigm shift in drug discovery bioanalysis: from SRM to 
HRMS. J. Mass Spectrom. 46(6), 595–601 (2011).

22 Fung EN, Jemal M, Aubry AF. High-resolution MS in 
regulated bioanalysis: where are we now and where do we go 
from here? Bioanalysis 5(10), 1277–1284 (2013).

23 Xia YQ, Lau J, Olah T, Jemal M. Targeted quantitative 
bioanalysis in plasma using liquid chromatography/high-
resolution accurate mass spectrometry: an evaluation of 
global selectivity as a function of mass resolving power and 
extraction window, with comparison of centroid and profile 
modes. Rapid Commun. Mass Spectrom. 25(19), 2863–2878 
(2011).

24 Ding J, Lund ET, Zulkoski J, Lindsay JP, McKenzie 
DL. High-throughput bioanalysis of bile acids and 
their conjugates using UHPLC coupled to HRMS. 
Bioanalysis 5(20), 2481–2494 (2013).

25 Murphy K, Bennett PK, Duczak N Jr. High-throughput 
quantitation of large molecules using multiplexed 
chromatography and high-resolution/accurate mass LC–MS. 
Bioanalysis 4(9), 1013–1024 (2012).

26 Heudi O. High-throughput quantitative analysis of 
pharmaceutical compounds in biological matrices. 
Bioanalysis 3(8), 819–821 (2011).

27 European Medicines Agency. Guideline on bioanalytical 
method validation.  
www.ema.europa.eu

28 US FDA Guidence for Industry. Bioanalytical Method 
Validation.  
www.fda.gov/downloads/Drugs/./Guidances/ucm070107.pdf

29 Bergeron A, Garofolo F. Importance of matrix effects in LC–
MS/MS bioanalysis. Bioanalysis 5(19), 2331–2332 (2013). 

•• Comprehensive review of matrix effects in LC–MS-based 
bioanalysis.

the collectables_year in bioanalysis.indb   211 13/10/2017   11:03:21



212 Bioanalysis (2016) 8(10) future science group

Research Article    Li, Wang & Jenkins

30 Li F, Ewles M, Pelzer M et al. Case studies: the impact of 
non-analyte components on LC–MS/MS based bioanalysis 
– strategies for identifying and overcoming matrix effects. 
Bioanalysis 5(19), 2409–2441 (2013). 

•• Useful strategies to reduce matrix effects in LC–MS-based 
bioanalysis.

31 Chambers E, Wagrowski-Diehl DM, Lu Z, Mazzeo JR. 
Systematic and comprehensive strategy for reducing matrix 
effects in LC/MS/MS analyses. J. Chromatogr. B 852(1–2), 
22–34 (2007).

32 Xia YQ, Jemal M. Phospholipids in liquid chromatography/
mass spectrometry bioanalysis: comparison of three tandem 
mass spectrometric techniques for monitoring plasma 
phospholipids, the effect of mobile phase composition on 
phospholipids elution and the association of phospholipids 
with matrix effects. Rapid Commun. Mass Spectrom. 23(14), 
2125–2138 (2009).

33 Taylor PJ. Matrix effects: the Achilles heel of quantitative 
high-performance liquid chromatography–electrospray–
tandem mass spectrometry. Clin. Biochem. 38(4), 328–334 
(2005).

34 Gosetti F, Mazzucco E, Zampieri D, Gennaro MC. Signal 
suppression/enhancement in high-performance liquid 
chromatography tandem mass spectrometry. J. Chromatogr. 
A 1217(25), 3929–3937 (2010).

35 Trufelli H, Palma P, Famiglini G, Cappiello A. An 
overview of matrix effects in liquid chromatography-mass 
spectrometry. Mass Spectrom. Rev. 30(3), 491–509 (2011). 

• Useful information on the causes of ion suppression in  
LC–MS analysis and strategies to address it.

36 Furey A, Moriarty M, Bane V, Kinsella B, Lehane M. 
Ion suppression: a critical review on causes, evaluation, 
prevention and applications. Talanta 115, 104–122 (2013). 

•• Demonstration of high-throughput (e.g., sub-minute)  
LC–MS methods to support regulated bioanalysis.

37 Badman ER, Beardsley RL, Liang Z, Bansal S. Accelerating 
high quality bioanalytical LC/MS/MS assays using fused-

core columns. J. Chromatogr. B Analyt. Technol. Biomed. Life 
Sci. 878(25), 2307–2313 (2010).

38 Ye Z, Tsao H, Gao H, Brummel CL. Minimizing matrix 
effects while preserving throughput in LC–MS/MS 
bioanalysis. Bioanalysis 3(14), 1587–1601 (2011).

39 Chromatography Online. Glossary of HPLC/LC Separation 
Terms.  
www.chromatographyonline.com

40 Hawkridge AM. Chapter 1: practical considerations and 
current limitations. in quantitative mass spectrometry-
based proteomics. In: Quantitative Proteomics. Claire E 
Eyers, Simon Gaskell (Eds). Royal Society of Chemistry, 
UK (2014).

41 Tang K, Page JS, Smith RD. Charge competition and the 
linear dynamic range of detection in electrospray ionization 
mass spectrometry. J. Am. Soc. Mass Spectrom. 15(10), 
1416–1423 (2004).

42 Golay MJE. The hetp of an unretained component of fluid 
flow in a coiled round pipe. J. Chromatogr. A 186, 341–351 
(1979).

43 Zheng J, Patel D, Tang Q, Markovich RJ, Rustum AM. 
Comparison study of porous, fused-core, and monolithic 
silica-based C18 HPLC columns for Celestoderm-V ointment 
analysis. J. Pharm. Biomed. Anal. 50(5), 815–822 (2009).

44 Jiang H, Ouyang Z, Zeng J et al. A user-friendly robotic 
sample preparation program for fully automated biological 
sample pipetting and dilution to benefit the regulated 
bioanalysis. J. Lab Autom. 17(3), 211–221 (2012).

45 Yu S, Crawford E, Tice J, Musselman B, Wu JT. Bioanalysis 
without sample cleanup or chromatography: the evaluation 
and initial implementation of direct analysis in real time 
ionization mass spectrometry for the quantification of drugs 
in biological matrixes. Anal. Chem. 81(1), 193–202 (2009). 

• Demonstration of high-throughput DESI MS in 
pharmaceutical analysis.

the collectables_year in bioanalysis.indb   212 13/10/2017   11:03:21



213Bioanalysis (2016) 8(18), 1951–1964 ISSN 1757-6180

Special Report

part of

10.4155/bio-2016-0137 © 2016 Future Science Ltd

Bioanalysis

Special Report 2016/09/09
8

18

2016

A refinement of protein LC–MS bioanalysis is to use predigestion immunoaffinity 
capture to extract the drug from matrix prior to digestion. Because of their increased 
sensitivity, such hybrid assays have been successfully validated and applied to a 
number of clinical studies; however, they can also be subject to potential interferences 
from antidrug antibodies, circulating ligands or other matrix components specific to 
patient populations and/or dosed subjects. The purpose of this paper is to describe 
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Background
The use of LC–MS/MS to quantify protein 
therapeutics via a surrogate peptide following 
proteolytic digestion (PrD-LC–MS) is fast 
becoming a mainstream bioanalytical tech-
nique [1–3]. Among the advantages it offers are: 
rapid method development, the use of estab-
lished techniques and instrumentation, and 
significant resistance to interference from spe-
cific matrix components such as antidrug anti-
bodies (ADAs) and circulating ligands. While 
one of the shortcomings of PrD-LC–MS is 
lower sensitivity as compared with ligand-
binding assays (LBAs), coupling PrD-LC–MS 
assays with a predigestion affinity or immuno-
affinity capture step can result in significantly 
increased sensitivity [4]. Assays which employ 
a drug-specific immunocapture reagent (PrD-
LC–MS IC), such as an antidrug monoclonal 
antibody (mAb) or a recombinant drug target 
molecule, can remove many of the potentially 

interfering matrix components prior to diges-
tion, resulting in lower assay LLOQs [4,5]. 
PrD-LC–MS IC assays are truly hybrid tech-
niques, as they depend upon ligand-binding 
interactions to separate the drug from matrix 
components prior to the digestion and 
LC–MS/MS quantification steps [6]. As such, 
PrD-LC–MS IC methods should be carefully 
tested both before and during validation to 
ensure that they are substantially free from 
interference from components such as circu-
lating ligands, ADAs and unknown factors in 
patient matrices.

In a typical LBA the protein drug is cap-
tured from matrix using an immunoaffinity 
reagent bound to a plate or other solid sub-
strate. After wash steps, a second reagent then 
specifically binds to the drug–reagent complex 
for the purpose of detection. The immuno-
capture (IC) step in a PrD-LC–MS IC assay 
is similar to that of ELISA, but the drug is first 
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eluted followed by digestion and LC–MS detection (in 
a solid state method with off-bead digestion, as will be 
described here). Because of the decoupling of the detec-
tion steps and added selectivity of LC–MS/MS, it is gen-
erally recognized that PrD-LC–MS methods show sig-
nificant resistance to matrix interference [3]; nevertheless, 
it is very important to carefully test these methods both 
before and during validation to detect any unknown 
matrix effects (MEs) that might block or inhibit the 
ligand-binding phase during IC or otherwise interfere 
with the assay.

General validation criteria for PrD-LC–MS assays
As PrD-LC–MS becomes an accepted bioanalytical 
technique, a primary concern is the use of these methods 
in regulated studies, GLP Toxicology studies and GCP 
Clinical studies. In the current regulatory landscape 
there exist no official regulatory guidances for the range 
of validation experiments and acceptance criteria that 
should be used for PrD-LC–MS (IC) assays, but there 
have been recent papers reflecting the opinions of expert 
users in both the US/Canada [7,8] and in Europe [9]. 
These authors recommended that LBA acceptance cri-
teria be used for the validation of PrD-LC–MS (IC) 
assays in most cases. For precision and accuracy in both 
validation and bioanalysis, this would mean that the 
20/25 criteria would apply: 20% CV and accuracy to the 
nominal concentration be applied to the quality controls 
(QCs) and standards, using 25% at the LLOQ concen-
tration [7,9]. Experiments dealing with analyte stability, 
chromatographic carry over, run size determination and 
other assay parameters are discussed elsewhere [6–9]. The 
above authors recommend that those additional parame-
ters that have quantitative acceptance criteria should also 
be subject to the 20/25% criteria [7,9], in alignment with 
criteria for large molecule LBAs set by guidances from 
US FDA [10] and EMA [11].

As mentioned above, the hybrid nature of PrD-LC–MS 
IC gives it characteristics resembling both small molecule 
LC–MS/MS quantification and LBA methods. There-
fore it is important that these methods be carefully exam-
ined both during development/optimization and also 
during validation [6–9]. A separate discussion of the most 
important of these parameters for IC methods will follow 
below. It should also be noted that the additional valida-
tion experiments discussed here have recently been used 
successfully in our labs, but they are only recommenda-
tions. We will provide case study examples using the sys-
tem and validation results that we recently obtained with 
one of our PrD-LC–MS IC methods and subsequently 
applied to a clinical study. Because the drug we discuss 
here is still in development we cannot reveal structural 
details, but we will provide elements of the assay and 
drug molecule necessary to understand the application.

The experimental PrD-LC–MS IC procedure
Analytical peptides & capture reagent 
biotinylation
The protein drug assayed here, MW <100 KDa, consists 
of three protein subunits connected covalently by link-
ers. Two unique tryptic peptides were identified, each 
residing on different subunits of the molecule. These 
peptides were shown to have minimal matrix interfer-
ence and to exhibit sufficient sensitivity and stability for 
the assay. A stable isotope labeled internal standard for 
each peptide (SIL IS) (N-terminal ARG 13C15N) was 
synthesized by GeneScript (Piscataway, NJ, USA) for 
each peptide and is described in more detail below. One 
of the peptides was used as the surrogate peptide for 
quantification and the other as a monitoring peptide 
for verification purposes. Study sample peptide moni-
toring was intended to be performed, when needed for 
verification or trouble shooting, by measuring the IS-
corrected peak area ratio of the quantitation peptide to 
that of the monitoring peptide under the premise that 
any large change in this ratio could be indicative of in 
vivo cleavage or metabolism of the drug molecule. The 
capture reagent was an internally developed, nonblock-
ing, non-neutralizing mAb against BI 123ABC. This 
reagent was used for the assay in biotinylated form. Bio-
tinylation of the capture reagent was performed using 
an EZ-Link Sulfo-NHS-LC biotinylation kit, Thermo 
Fisher Scientific, MA, USA. The biotinylation ratio 
was approximately 5 biotins to each protein molecule. 
Biotinylated reagent solutions were stored at -80°C 
prior to use. One micron diameter streptavidin coated 
magnetic beads were received from Thermo Fisher Sci-
entific as a 10 mg/ml suspension. Beads were prepared 
freshly for each assay by washing the commercial sus-
pension with Tris-buffered saline buffer (prepared from 
premeasured powder from Thermo Fisher) with 0.1% 
Tween 20 (Sigma Aldrich) added after preparation 
(TBS-T). The washed magnetic beads were diluted 
with TBS-T to a final concentration of 5 mg/ml beads.

Immunoaffinity capture
In the assay, a 20 μl volume of drug-spiked calibra-
tor or QC, blank, zero or patient plasma was first 
subjected to IC by incubation with the biotinylated 
capture reagent (50 μl containing 5 μg of biotinylated 
antidrug mAb in phosphate buffered saline) for 2 h 
at room temperature with mixing, using a Glass Col 
(IN, USA) Pulse Vortex mixer at a setting of 45 (about 
70 pulses per min). These same mixing conditions and 
apparatus were used for all mixing operations described 
in this paper but with the defined duration. After the 
drug capture incubation period the mixture contain-
ing matrix and biotinylated reagent with bound drug 
was then incubated with streptavidin-coated magnetic 
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Figure 1. Design of the BI 123ABC immunocapture system using magnetic beads with 96-well automation. 
Images at right used with permission of Thermo Fisher Scientific, Inc. [12,13].
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beads, 50 μl (5 μg beads/μl) per sample, for 1 h at 
room temperature with mixing as described above. 
This incubation quantitatively bound the biotinylated 
capture reagent with any associated drug molecules.

Automated washing & elution of captured drug 
from magnetic beads
After the incubation used to bind the magnetic beads 
to the biotinylated antidrug mAb (above), the Thermo 
Kingfisher Flex bead handler was used to wash the 
beads and perform the elution in 96-well plates. The 
process of IC, immobilization on streptavidin coated 
magnetic beads and 96-well automation of the wash-
ing and elution steps is pictured in Figure 1. Each wash 
or elution step performed with the Kingfisher Flex uti-
lized a different plate containing the indicated wash 
or elution solution. After completion of each step, the 
beads were captured magnetically then transported 
to the plate to be used for the next step. Details of 
washing and elution are as follows: the beads, with 
bound biotinylated drug, were washed three-times 
with 300 μl of TBS-T buffer and then washed once 
with 300 μl water. For each wash step, the beads were 
mixed for 4 min in the Kingfisher Flex at medium 
speed then collected magnetically using a 10 s collec-
tion period for three cycles. During method develop-
ment, these washing procedures were determined to 
sufficiently remove extraneous matrix and nonspecifi-
cally adsorbed materials. The captured drug was eluted 
with 100 μl of 25 mM HCl. For elution, the beads 
were mixed for 4 min at medium speed then collected 
magnetically using a 10 s period for five cycles. This 
elution procedure was determined to be sufficient to 
quantitatively remove bound drug over the full range 
of concentrations tested, 0.5–100 mg/l and at higher 
concentrations during method development.

Sample digestion
After the HCl elution described above, 20 μl of 1 M 
Tris-HCl, pH 8.0 was added to each sample well, fol-
lowed by 5  μl of the SIL IS solution, containing SIL 
IS for both the surrogate and monitoring peptides 
(0.1 μg/ml each in water). The internal standards 
contained the exact same amino acid sequence as the 
surrogate and monitoring peptides except they con-
tained N-terminal ARG 13C

6
,15N

4
, allowing each to be 

separated in the mass spectrometer from its unlabeled 
counterpart molecule by 10 mass units (5 mass units 
for doubly charged species). Five microliters of water 
was added to blank wells. Next, 5  μl of 100  mM 
Tris(2-carboxyethyl)phosphine (TCEP) was added to 
each sample (to cleave disulfide bonds) and the plates 
were incubated at room temperature for 20  min with 
mixing as described above. After this incubation, 
samples were alkylated by adding 5  μl of freshly pre-
pared 200  mM iodoacetamide, the plate was covered 
and incubated with mixing for 30 min at room tem-
perature in darkness. To each well, 5  μl of trypsin 
solution, 6  mg/ml (TCPK grade, Thermo) and 5  μl 
of 100 mM CaCl

2
 were added. The plate was incu-

bated at 37°C overnight for digestion with mixing 
at medium speed (described above). Digestion was 
quenched by adding 10  μl of 10% formic acid. The 
samples were mixed and then clarified by centrifuga-
tion for about 2 min at 1000 × g prior to LC–MS/MS 
analysis.

LC & MS
A Waters Acquity UPLC system coupled with a Sciex 
6500 triple quadrupole mass spectrometer was used 
for LC–MS/MS analysis. The UPLC injection volume 
was 10 μl. Chromatographic separation was achieved 
using a Waters Acquity Peptide BEH C18 column 
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Figure 2. Experiments yielding immunocapture efficiency, digestion efficiency, recovery and matrix effect.
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(2.1  mm × 50  mm, 1.7  μm) with a Waters Acquity 
protein BEH C18 1.7  μm VanGuard precolumn and 
using a column temperature of 45°C. Mobile phases 
consisted of 0.1% formic acid in water and 0.1% for-
mic acid in acetonitrile. The liquid chromatographic 
gradient was from 5% B (initial -1.00 min, flow 
rate 0.3 ml/min), 30% B (1.00–3.00 min, flow rate 
0.3 ml/min) to 95% B (3.01 to -3.50 min, flow rate 
0.6 ml/min) and back to 5% B (3.51–4.00 min, flow 
rate 0.6 ml/min; 4.01 min, flow rate 0.3 ml/min). The 
mass spectrometer was operated in positive ESI mul-
tiple reaction monitoring mode. The specific Q1 ion 
types used for analysis of the quantification and moni-
toring peptides are 2/Y5 and 2/Y7, respectively. Those 
for the quantification ion IS and for the monitoring 
ion IS are 2/Y4 and 2/Y7, respectively. Note that dou-
bly charged peptide ions, yielding Q1 m/z < than Q3 
m/z, are greatly preferred for MS/MS selectivity. Key 
instrument parameters used for the mass spectrometer 
were as follows: +5500 V ion spray voltage, 60 nebu-
lizer gas units, 60 axillary gas units, 450°C ion source 
temperature, 35 curtain gas units, 8 collision gas units 
and unit resolution on both Q1 and Q3.

PrD-LC–MS IC validation experiments: 
IC efficiency, recovery, specificity/selectivity 
& ME
Explanation of validation spiking experiments
Figure 2 illustrates the various experiments that we have 
used to investigate the factors influencing method effi-
ciencies and recoveries for PrD-LC–MS IC methods. 
This figure uses graphic references to the entire PrD-
LC–MS IC process showing the points where the pro-
tein drug, surrogate peptide standard or peptide internal 
standard are spiked in, to yield the needed comparison. 
In all cases, the amount of protein drug and any surro-
gate peptide standard (peptide, red color) or SIL IS (IS, 
green color) are spiked in at equimolar concentrations.

A note about PrD-LC–MS internal standards: dif-
ferent types of SIL IS have been used successfully with 
PrD-LC–MS assays [7]. Some SIL IS types that have 
been utilized include: analog peptides, SIL forms of the 
surrogate peptide itself [14], SIL surrogate peptides with 
additional amino acid residues attached (winged SIL 
IS) [15] and intact drug protein SIL IS molecules. The 
latter type, intact SIL Protein IS, is sometimes favored 
because it can be used to monitor the entire assay pro-
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cess [14], but some recent work showed that there was no 
advantage to using the SIL Protein IS in their assay as 
compared with the SIL surrogate peptide when used in 
a transporter protein quantification assay [16]. Further, 
because of availability and manufacturing issues, SIL 
proteins are not often available and SIL surrogate pep-
tides or modified versions of these peptides have often 
been used with good assay results [14,16]. In the studies 
discussed here, the IS employed is a SIL version of the 
surrogate peptide containing 15N and 13C with no other 
modifications or changes to the amino acid sequence.

Immunocapture efficiency experiments
For PrD-LC–MS IC methods, the IC efficiency is cal-
culated from the amount of surrogate peptide recov-
ered from an equimolar amount of protein drug spiked 
into matrix before (Figure 2A) and after (Figure 2B), the 
IC step. The comparative results for IC efficiency can 
provide useful indications of any potential effects that 
matrix interference might have on the IC part of assay. 
If ADAs, circulating ligands/targets or other interfer-
ing matrix components interrupt the ligand-binding 
process of drug capture, then the IC efficiency with be 
expected to decrease with matrix containing these com-
ponents. This can be tested by spiking matrix with the 
suspected interferent, performing IC efficiency mea-
surement, then comparing the results to the same exper-
iment done with the appropriate control. For example, 
if ADA containing plasma samples are available, then 
the comparative IC efficiency test can be used to gauge 
the sensitivity of the IC step to interference by ADAs, 
in the same manner that spike-recovery experiments 
using ADA containing plasmas are used with LBA PK 
assays [17]. IC efficiency can also be tested with any 
potentially interfering ligands that might be present in 
study matrices, such as shed targets. If a clinical history 
is available for such circulating ligands, they should 
be spiked into the blank matrix at concentrations that 
equal and exceed those from previous clinical determi-
nations, and then the IC efficiency compared with that 
of control matrix. In addition, healthy matrix can be 
compared with various individual disease matrices in 
order to detect any potential interference issues due to 
unidentified components present in patient matrices. 
Useful information can also be obtained with simple 
QC spiking experiments (i.e., selectivity experiments 
described below using spiked LLOQs), but perform-
ing these IC efficiency comparisons using high and low 
QC concentrations will help to identify any of these 
possible interferences, specifically linking any detected 
interferences with the IC step of the assay.

In the case presented here, baseline IC efficiency val-
ues were first determined with the same pooled plasma 
from healthy patients used to test accuracy and preci-

sion in the core validation runs. Here, it was neces-
sary to add 0.1% bovine serum albumin (BSA) to the 
aqueous therapeutic protein spiking solution used for 
Figure 2, experiment B in order to promote solubility. It 
was later determined that the 0.1% added BSA had no 
effect on the IC efficiency when added to either experi-
ment A and B (Figure 2). The data from these experi-
ments (not shown) indicated that capture efficiency 
was very high (85–95%) and reproducible at both low 
and high QC levels.

For this method we expected that there might be 
some interference inherent in the three indicated dis-
ease state plasmas. Pre-existing anti-drug antibodies 
(PEAs) for BI 123ABC were known to exist in some 
individuals. We selected plasmas from these individu-
als that were measured with comparatively low and 
high titers of PEAs in order to determine if they would 
impact the IC efficiency of this assay as compared with 
control plasmas with no measurable PEA titer. The 
results are shown in Table 1. In these experiments every 
treatment was run in three replicates for both experi-
ments A and B (Figure 2). The mean and %RSD of the 
calculated A/B ratios is reported in the table. In this 
case the IC recoveries for ADA plasmas are generally 
high and very consistent. In comparison to those for 
pooled healthy plasma. Samples from the pre-existing 
ADA plasmas were titered in the standard LBA ADA 
assay used for BI 123ABC studies, and test samples 
were chosen with relatively low, medium and high 
titers in order to detect any ADA titer-related effect, 
and neither such reduction nor trend was observed 
(Table 1). It should be noted that pre-existing ADAs 
may have different characteristics from those of emer-
gent ADAs, so the results should be viewed with cau-
tion [17,18]. If possible, results should be retested with 
confirmed emergent ADA samples from the study 
when they become available.

In the case of the cancer patient plasma, there were 
three individual plasmas from each of three cancer 
types. Equal aliquots of these individual plasmas were 
pooled and used to generate the test plasma for each 
type. Of the three pooled samples, it can be seen that 
the breast cancer patient plasma may have slightly 
reduced the IC efficiency as compared with controls, 
as the average IC efficiency is decreased by more than 
10% for both the low and high QC (Table 1). While 
it is not practical to place a quantitative specification 
on IC efficiency, reduced IC efficiency in specific 
patient samples should be tested further, if possible. 
We planned tests with predose patient samples at the 
beginning of the clinical study (data not available). 
These tests would entail comparing the IC efficiency 
from actual predose plasmas with that of pooled 
control plasma.
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Peptide recovery
Experiment C (Figure 2), where the surrogate pep-
tide is spiked in prior to digestion then its SRM sig-
nal ratioed with that from Experiment D, (both the 
surrogate peptide and SIL IS peptide are added post 
digestion) yields the surrogate peptide recovery. This 
is a measure of the ability of the peptide to survive 
the digestion process. It is important to perform these 
tests for low, mid and high QC values in replicate (we 
used n = 3), looking for reasonable and reproducible 
values in order to both understand and troubleshoot 
the digestion and post digestion phases of the analy-
sis across the targeted concentration range. The pep-
tide recovery results obtained during validation of 
BI 123ABC ranged from 85 to 95%, and they were 
reproducible for both low, mid and high QCs (data 
not shown).

Digestion efficiency
Digestion efficiency provides a measure of how much 
of the surrogate peptide is released via proteolytic diges-
tion (PrD), recovered, then measured by LC–MS/MS 
(Figure 2B), ratioed to that from a post-digestion spike 
of an equimolar amount of surrogate peptide standard 
(Figure 2C). Our goal was to determine digestion effi-
ciency at low, mid and high QC levels in triplicate with 
the same objective of reasonable and consistent effi-
ciency values across the assay concentration range. In 
our labs, this parameter is retested in a partial validation 
if there is change in the proteolytic enzyme lot, diges-
tion time or any other parameter that might impact the 
digestion process. As stated in the previous section, one 
reason it is important to determine peptide recovery 
is that it is convoluted with digestion efficiency. One 
problem that can occur with digestion efficiency deter-
minations can arise from the batch and purity of the 
synthetic surrogate peptide standard. In our experience, 
synthetic peptide standards can arrive with a significant 
but unreported content of salt or other inert impurities. 
In such cases, the weighing does not properly reflect 
the compound mass, and the actual molar concentra-
tion of peptide is lower than that of the spiked protein 
standard, resulting in artificially elevated digestion effi-
ciency. Peptide adsorption is another potential issue that 
may affect results when compare spiked peptide data to 
spiked protein data (refer to the specificity/selectivity 
section of this paper). We have experienced some effi-
ciency values measured by this technique of up to and 
even exceeding 100%. See Table 2, where digestion effi-
ciency values are reproducible, but exceed 100% at all 
three QC levels. We do not, therefore, specify numeric 
criteria for digestion efficiency, since the key factor in 
assessing this parameter is that the values be high and 
reproducible within the validation with consistency 
across concentrations and between batches [7]. Although 
conceptually somewhat different, this approach is con-
sistent with the comments for method recovery in small 
molecule chromatographic assays stated in the FDA [10] 
and EMA [11] bioanalytical validation guidances.

Matrix effect
The ME in these experiments was measured by com-
paring the MS/MS signal (peak area or peak area ratio) 
from a post digestion spiked processed matrix blank 
(Figure 2D) to that from a post processed spiked reagent 
blank (Figure 2E). This experiment essentially measures 
the LC–MS/MS response contributed only from the 
biological matrix, since all of the components added to 
the digestion mixture are passed on to the matrix blank 
and are also present in the reagent blank. In this respect, 
these ME experiments are analogous to those performed 
for small molecules in accordance with the EMA small 

Table 1. Effect of cancer patient plasma and 
antidrug antibody containing plasmas on 
immunocapture efficiency for BI 123ABC.

 
 

Nominal concentration (mg/l)

1.50 80.0

Pooled healthy plasma 

Average% 84.7 86.7

RSD% 3.8 3.0

Breast cancer plasma

Average% 77.5 75.6

RSD% 5.9 3.2

Lung cancer plasma

Average% 79.6 84.0

RSD% 4.0 22.0

Pancreatic cancer plasma

Average% 88.4 87.0

RSD% 5.0 4.1

0.1% BSA

Average% 87.1 85.1

RSD% 4.7 0.8

High ADA plasma

Average% 83.9 88.3

RSD% 1.6 2.2

Medium ADA plasma

Average% 86.2 87.2

RSD% 4.1 7.4

Low ADA plasma

Average% 88.2 86.0

RSD% 2.3 5.2

ADA: Anti-drug antibody; BSA: Bovine serum albumin.
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molecule guidance [11]. The guidance recommends that 
ME be determined using individual matrix samples as 
well as lipemic and hemolysis samples spiked at low and 
high QC levels [11]. In our lab we run ME for a total 
of eight individual samples using four individual plas-
mas, two individual lipemic and two individual hemo-
lyzed samples. These samples are spiked at the low (3× 
LLOQ) and high QC levels for the assay. Both absolute 
and IS-normalized matrix factors (MF) can be calcu-
lated from these data using the surrogate peptide and 
IS peak areas as per section 4.1.8 of the EMA bioana-
lytical validation guidance [11]. In alignment with this 
guidance, but allowing for the 20/25% PrD-LC–MS 
IC assay performance specifications [7,9], our acceptance 
criteria are that the %CV for MF should less than or 
equal to 20% across all samples tested. In Table 3, we 
show the results obtained for absolute ME experiments 
with BI 123ABC spiked at the low and high QC levels 
into various individual plasmas, including two hemo-
lyzed and two lipemic samples. The peak area for the 
samples derived from experiment (Figure 2D) (a digested 
blank, spiked with peptide post digestion) is divided by 
that from experiment (Figure 2E) (a reagent blank spiked 
post digestion). In this example the absolute matrix fac-
tor ranged from 0.801 to 1.063 with an overall average 
of 0.968, indicative a low ME. The calculated overall 
%RSD (Table 3) is 7.07%, less in this particular case, 
than the acceptance criterion stated for the overall %CV 
in the EMA guidance [11] Sec 4.1.8 for small molecules 
(15%). IS-normalized MFs yielded comparable data 
(not shown). It is also possible to learn the ME contribu-
tion of the added reagents and components that are part 
of the digestion steps by preparing a comparator with 
the surrogate peptide and IS spiked into water. This 
experiment is not essential, but it may be done within or 
outside the validation for information purposes.

ME experiments such as these may be complicated 
by solubility or adsorption issues when hydrophobic 
peptides are dissolved in water or solutions with low 
ionic strength [19]. This can result in ME results that 
are biased due to a preferential loss of peptide from ‘neat 
solutions’ or reagent blanks as opposed to more ‘matrix 
rich’ extracts. Similar effects can impact digestion effi-
ciency results, yielding higher than expected values (see 
above). One recommended solution we have for dealing 
with this problem is to rely more heavily on selectivity/
specificity samples which are run for individual matrices 
and, without providing direct numeric ME results, they 

Table 2. Digestion efficiency results for BI 123ABC in K2-EDTA 
human plasma.

 Nominal concentration (mg/l)

 1.50 20.0 80.0

Area ratios of postspiked protein samples (see Figure 2B) 

1 0.0753294 1.16110 4.51633

2 0.0710791 1.17483 4.78991

3 0.0717379 1.20771 4.13091

Area ratios of prespiked peptide samples (see Figure 2C)

1 0.0609257 0.888143 4.45837

2 0.0569186 0.823665 3.59458

3 0.0621229 0.816978 3.89522

Average 0.0599891 0.842929 3.98272

Digestion efficiency%

1 125.6 137.7 113.4

2 118.5 139.4 120.3

3 119.6 143.3 103.7

Average% 121.2 140.1 112.5

RSD% 3.2 2.0 7.4

Table 3. Absolute matrix effect determination from individual blank, hemolyzed and lipemic plasmas.

Sample ID Area counts

Matrix Low Rgt Blk Low AMF Low Matrix High Rgt Blk High AMF High

Individual blank plasma 1 4159 4183 0.994 245,843 241,706 1.017

Individual blank plasma 2 4416 4575 0.965 239,999 230,537 1.041

Individual blank plasma 3 4383 4435 0.988 245,327 240,822 1.018

Individual blank plasma 4 4407 4143 1.063 254,286 250,425 1.015

Hemolyzed blank plasma 1 4318 4348 0.993 223,247 278,656 0.801

Hemolyzed blank plasma 2 4204 4659 0.902 240,353 250,880 0.958

Lipemic blank plasma 1 4340 4857 0.894 228,188 240,220 0.949

Lipemic blank plasma 2 4409 4397 1.001 217,855 247,165 0.881

Average 4329 4449 0.975 236,887 247,551 0.960

RSD% 2.3 5.4 5.7 5.3 5.7 8.6

AMF: Absolute matrix factor; Rgt Blk: Reagent blank.
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contain the contribution of any ME to the assay and so 
can act as a reliable indicator of the impact that ME has 
on quantification at the LLOQ level in the variety of 
matrices tested.

Selectivity/specificity
It is important to reiterate here that PrD-LC–MS IC 
assays are hybrid assays containing elements of both 
ligand-binding and chromatographic methods, and 
that the approach to selectivity/specificity determina-
tion should be thorough. The ligand-binding aspect 
of a PrD-LC–MS IC assay, that of IC, can be assessed 
in part by evaluating IC efficiency results in that they 
are derived from individuals, disease state matrices 
and QCs containing potential interferents such as 
ADAs or target molecules known to be in circulation 
(see ‘Immunocapture efficiency’ section, Table 1). For 
implementation of PrD-LC–MS IC selectivity/specific-
ity experiments we have been conducting a combina-
tion of the selectivity testing that is done for small mol-
ecules and the specificity testing recommended for large 
molecule LBA assays. For these experiments we use ten 
individual healthy matrix samples, analyzing both a 
blank from the individuals and an individual sample 
spiked at the LLOQ. We have also added ten individual 
disease state matrix samples where applicable, analyzed 
as both blanks and as LLOQ spiked QCs. The crite-
rion we have applied for blank evaluation is that there 
should be no integratable chromatographic signal at the 
retention time and multiple reaction monitoring chan-
nel of the analyte greater than 25% of the LLOQ in 
eight out of ten blanks. The individual LLOQs should 
produce eight out of ten results that are within the 
quantitative acceptance criteria for the LLOQ (within 
25% accuracy and precision). We also calculate the 
total %RSD for the determined concentration across all 
of the LLOQ selectivity/specificity samples measured 
with the goal that this RSD should be <30%. This last 
specification of 30% is not an absolute acceptance cri-
terion, but it is evaluated on a case by case basis with 
particular attention paid to the nature of any outliers. 
Overall, this dataset provides good evidence that the 
method can quantify at the LLOQ with accuracy and 
precision across the range of matrices that we plan to 
analyze in the course of the clinical study. We can also 
determine from these experiments whether there are 
any significant potentially interfering chromatographic 
signals or similar trends in any of the matrices tested by 
examination of blank and spiked chromatograms. This 
extent of selectivity/specificity testing encompasses any 
ME in that they will contribute most significantly to 
observed errors in concentration at the LLOQ. This is 
the intended purpose to making ME measurements for 
all bioanalytical studies.

Table 4 shows the results we obtained for the selec-
tivity/specificity testing of BI 123ABC. In these experi-
ments the range of individual plasmas tested for selectiv-
ity was increased to include plasmas from three to four 
individuals for each of the three cancer types within the 
intended therapeutic scope of the drug, ten individual 
plasmas from the three disease states that will be stud-
ied clinically and ten plasmas from healthy individuals, 
making a total of 20 individuals tested. Each sample was 
spiked at the nominal LLOQ of the assay (0.5 mg/l). 
The determined concentration for each assay was then 
used to calculate individual relative error values, apply-
ing the acceptance criterion that 16 out of 20 individu-
als must have %RE (percentage relative error) values 
less than or equal to 25%. In this validation all but one 
individual passed acceptance criteria, with one sample 
of healthy subject plasma failing at 36.8% RE.

In addition to the 8/10 passing criteria we also tested 
the overall mean and %CV as a measure of the of the 
method’s ability to determine the LLOQ accurately and 
reproducibly across the range of matrices that the assay 
will be applied to. The nonbinding criterion that we are 
setting for the overall %CV is 30%. This target is 5% 
higher than the general LLOQ %CV criterion, but has 
been relaxed to account for some failures and increased 
variation that would be expected when quantifying vari-
able matrices at the LLOQ. This has been discussed with 
colleagues in the field (see section Acknowledgements) 
who have experienced difficulty in performing ME 
experiments due to solubility and absorption issues with 
peptides in aqueous solution [19]. The overall %RE and 
%CV were 5.3 and 12.5 (Table 4), which indicated very 
good method specificity for this assay. Collectively, we feel 
that the above types of selectivity experiments can pro-
vide the necessary information, since reliable detection 
at the LLOQ depends on both selectivity and MEs [6–8], 
and MEs are integrated into these determinations.

In addition to data such as that derived from Table 4, 
the chromatographic data from each run can be directly 
examined for any evidence of interferences or changes in 
peak shape that may be related to the sample matrix. In 
any case where a selectivity/specificity problem has been 
observed in individuals, examination of both the LLOQ 
spiked chromatogram and the corresponding blank 
(Figure 3A & B) can provide evidence of the contribu-
tion of any chromatographic interference. Examination 
of the double blank chromatogram form the same run 
can (Figure 3C) reveal any signal on the IS channel that 
may have been hidden under the IS peak in the blank 
(Figure 3B).

Studying dilution effects
PrD-LC–MS IC methods are LBA methods and, as 
such, there is a possibility that they can exhibit non-
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Table 4. Selectivity/specificity experimental results from patient 
and healthy plasmas from the validation of BI 123ABC.

Sample ID Nominal concentration 
0.500 mg/l

RE% Result

Cancer patient individual plasmas (conc. mg/l)

BC 1 0.506 1.2 Pass

BC 2 0.608 21.6 Pass

BC 3 0.579 15.8 Pass

LC 1 0.452 -9.6 Pass

LC 2 0.505 1.0 Pass

LC 3 0.524 4.8 Pass

PC 1 0.497 -0.6 Pass

PC 2 0.511 2.2 Pass

PC 3 0.531 6.2 Pass

PC 4 0.616 23.2 Pass

Overall result Pass

Healthy individual plasmas (conc. mg/l)

Ind 1 0.433 -13.4 Pass

Ind 2 0.601 20.2 Pass

Ind 3 0.554 10.8 Pass

Ind 4 0.489 -2.2 Pass

Ind 5 0.684 36.8 Fail

Ind 6 0.513 2.6 Pass

Ind 7 0.499 -0.2 Pass

Ind 8 0.509 1.8 Pass

Ind 9 0.485 -3.0 Pass

Ind 10 0.416 -16.8 Pass

Overall result Pass

Overall mean = 0.526 (%RE = 5.2%), Overall CV = 12.5%.
BC: Breast cancer; LC: Lung cancer; PC: Pancreatic cancer; RE: Relative error.

linear dilution effects that might be revealed through 
dilution and parallelism testing. In the absence of any 
incurred clinical samples we have performed multiple 
dilutions in specific matrices (disease and ADAs) and 
compared the results of the data derived from these dilu-
tions to those from healthy pooled matrix. The EMA 
guidance requires that higher concentration incurred 
samples from a patient or animal study samples be 
diluted at least three-times, then analyzed with the cri-
teria that deviation from the expected concentrations 
should not exceed 30% ([11] Section 7.1.1.10). This type 
of experiment is expected to reveal any non-linear dilu-
tion effects arising from tested matrices. Parallelism 
studies as described here could not be performed dur-
ing this assay validation because patient samples were 
not available, but would be recommended for PrD-LC–
MS IC methods when incurred samples become avail-
able. In the absence of incurred samples, we did per-
form multiple dilutions of a high concentration of drug 
(2000 mg/l) in disease patient plasma down to the assay 
QC levels of 1.5, 20 and 80 mg/l and realized agreement 
of back calculated concentrations within the 20% assay 
dilution criteria (data not shown).

An additional dilution experiment was performed 
with our method to test it for possible rapid quantita-
tive drop off above the ULOQ; similar to the prozone 
effect testing that is performed for LBA methods. This 
method uses a biotinylated capture reagent with a solid-
state magnetic bead system, and the reagent and bead 
amounts are carefully optimized for the specified assay 
range. Using more beads or more densely reagent-pop-
ulated beads might extend the range of the assay more 
than necessary for its purpose and result in wasted 
reagents. For this reason the optimized assay becomes 
nonlinear soon after the plasma concentration exceeds 
the ULOQ. While hook effects are more likely to occur 
in LBAs, where the capture and detection reagents 
are added together [20], the response of our optimized 
PrD-LC–MS IC assay was tested at several analyte 
concentrations up to 6× the ULOQ. Plasma samples 
were spiked with nominal concentrations exceeding the 
ULOQ (100 mg/l), up to 600 mg/l, to cover and exceed 
the expected C

max
 of 400 mg/l. The results are shown in 

Figure 4. This figure shows the fit of ‘above the curve’ 
samples prepared at 120, 150, 200 and 600 mg/l to the 
method’s calculated standard curve. The regression was 
calculated to the ULOQ of 100 mg/l, and then linearly 
extrapolated. The bias of each data point becomes pro-
gressively more negative with increasing concentration, 
but the response never collapses to near the ULOQ, even 
at 600 mg/l. This indicates that method is not subject to 
prozone effect and that plasma concentration exceeding 
the LLOQ up to at least 600 mg/l will recognized as 
‘above the curve’ during sample assay.

Conclusion
PrD-LC–MS IC methods are hybrid LBA–LC–MS 
methods that require special considerations during 
method development and validation. In this article we 
have presented some concepts that go beyond those 
discussed in recent white papers and reviews toward 
these considerations for PrD-LC–MS IC methods [6–9]. 
These procedures have been used in our labs to gen-
erate additional data to establish the reliability of our 
assays when applied to the varying matrices and pos-
sible interferents that we expect to encounter in our 
clinical studies. Among the experiments we discussed 
here are IC efficiency experiments to help us ensure 
that various matrix types and potentially interfering 
ligands will not inhibit the binding of our drug mol-
ecule during capture. Other experiments using the 
techniques illustrated in Figure 2 are used to measure 
Digestion efficiency, peptide recovery, selectivity/speci-
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Figure 3. (A) Chromatogram of an LLOQ sample derived from specificity/selectivity testing showing both IS and analyte integrated 
SRM chromatograms. Upper frame: Analyte channel; lower frame: IS channel. (B) Chromatogram of a blank sample derived from 
specificity/selectivity testing showing IS analyte integrated SRM chromatograms and blank signal. Upper frame: Analyte channel; 
lower frame: IS channel. 
IS: Internal standard.
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Figure 3 (continued from previous page). (C) Chromatogram of a double blank sample derived from a specificity/selectivity testing 
run showing IS and analyte SRM chromatograms from the blank extract. Upper frame: Analyte channel; lower frame: IS channel. 
IS: Internal standard.
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ficity, ME and special dilution experiments. The use of 
these experiments serves both to support assay reliabil-
ity and to understand how the method is performing at 
various critical stages of analysis. In the last section on 
selectivity/specificity experiments we described tests of 
method performance in individual healthy and disease 
state matrices both in blanks and in samples spiked at 
the LLOQ. These experiments can provide valuable 
insight as to the reliability of the method when applied 
to matrices that will be analyzed in the clinical study, 
and they also can provide reliability statistics (overall 
mean and RSD) that we believe can be indicative of 
ME, especially in cases where experimental condi-
tions [19] prohibit proper performance of ME tests in 
accordance with the small molecule EMA guidance [11].

As the technology of PrD-LC–MS continues to 
progress, more and more of these assays will be used 
along with LBAs to measure plasma drug concentra-
tions in regulated clinical and nonclinical studies. 
The regulators have not yet issued an official guidance 
describing the way in which these assays should be 
validated, but recent papers have collected the opin-
ions from experts with the aim of providing some pre-
liminary direction for validating these methods [6–9]. 

PrD-LC–MS IC methods are hybrid in character, and 
they must be tested and validated with great care to 
take into account the LBA (IC), digestion and the 
LC–MS/MS stages of analysis. For the clinical assays 
we are conducting, it was very important to try to 
understand the effects of disease state matrices, ADAs 
and circulating ligands upon our assays. As such 
we extended the design and scope of our validation 
experiments to examine these factors. The techniques 
we used along with some case study examples were 
described in this paper. We believe that each assay 
should be approached scientifically, and experiments 
should be carefully developed to test those specific fac-
tors that are likely impact the assay and the studies to 
which it will be applied.

Future perspective
The use of PrD-LC–MS for protein quantification 
has grown tremendously over the past 5 years. Recent 
successful efforts at coupling immunoaffinity purifica-
tion techniques to PrD-LC–MS have helped to achieve 
much better sensitivity and method performance than 
those of previous reagent-free methods. The applica-
tion of these hybrid IC (PrD-LC–MS IC) techniques is 
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Figure 4. Quantitation of samples prepared above the ULOQ of the BI 123ABC assay. 
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expected to grow greatly over the coming years. As these 
techniques will be used increasingly in regulated bio-
analysis, the importance of additional validation proce-
dures to ensure their in study reliability will also become 
increasingly important. It will be particularly important 
to test hybrid LC–MS methods for the impact of circu-
lating ligands and other matrix components that might 
affect the immunopurification step. We expect that the 
testing and validation procedures for PrD-LC–MS IC 
methods will evolve to include most of the experiments 
described in this paper as well as additional procedures 
specially developed for individual assay needs. It is our 
belief that the regulatory guidances now applicable only 
to traditional small molecule LC–MS and LBAs will 
be expanded to cover regulate assays using PrD-LC–
MS IC, and that these guidelines will contain special 
provisions to test the IC steps of the assays.
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Executive summary

Background
• LC–MS methods for protein therapeutics that are coupled with immunocapture steps (proteolytic digestion 

(PrD)-LC–MS IC) are hybrid methods with characteristics of both LC–MS and ligand-binding assay (LBA) 
methods.

• Because of the potential impact of antidrug antibodies (ADAs), circulating ligands, disease matrix (factors that 
may directly affect the immunocapture [IC] step) PrD-LC–MS IC methods require special considerations during 
method development and validation.

The experimental PrD-LC–MS IC procedure
• Description of all experimental aspects of the case study assay.
PrD-LC–MS IC validation experiments: IC efficiency, recovery, specificity/selectivity, matrix effect:
• Explanation of validation spiking experiments

 – ○Spiking/analysis experiments have been designed to try to determine how each stage of the assay is 
working with special reference to those that impact the drug capture (IC) step.

• Immunocapture efficiency (IC efficiency) experiments
 – ○Immunocapture efficiency measures the yield of the assay with analyte spiked matrix containing potential 

IC inhibitors (ADAs, or circulating ligands) versus the yield from an equimolar amount of drug subjected 
to direct digestion. IC efficiency can also be compared between spiked disease state matrices and healthy 
pooled matrix.

• Peptide recovery, digestion efficiency
 – ○Peptide recovery and digestion efficiency measure the completeness of protein digestion and the ability 

of the peptide to withstand the digestion process and should be retested if the enzyme or digestion 
system is changed.

• Matrix effect
 – ○Matrix effect in PrD-LC–MS systems can determined in the same way as described in the current EMA 

chromatographic Bioanalytical Method Validation guidance.
• Selectivity/specificity

 – ○Selectivity/specificity is an important validation parameter because it measures the ability of the assay to 
perform adequately in various individual matrices that are expected in sample analysis. Special extensions 
of the selectivity/specificity test includes: the use of ten healthy and ten disease plasmas, measurement of 
assays for each sample spiked at the LLOQ and extraction/analysis of blanks from each sample.

 – ○The acceptance criteria we apply is eight out of ten LLOQs must be within 25% RE and CV, and eight out 
of ten blanks must have no signal at the analyte channel greater that 25% of the average LLOQ.

• Studying dilution effects
 – ○Dilution experiments were designed to measure any signal drop or possible prozone effect beyond the 

ULOQ, and we recommend performing a parallelism experiment once ISR samples become available.
 – ○For each assay and intended sample type, we recommend individually determining the most important 

factors that may influence the assay, and prepare validation experiments accordingly.
Conclusion
• The described procedures generate additional data to test the resistance of assays to potentially interfering 

ligands and matrix components.
• These tests: IC efficiency, digestion efficiency, peptide recovery, selectivity/specificity, matrix effects and 

dilution experiments monitor method performance with potential interferent-spiked and disease state 
matrices at various stages of the analysis.

• A specific case study was used to exemplify the experiments performed and to discuss interpretation of 
results.

• Experiments should be specifically tailored to the individual assay and the studies to which it will be applied.
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Aim: Novel oral anticoagulants are characterized by a wide therapeutic window, yet 
the determination of their plasma–drug concentrations may be useful in some clinical 
conditions. Results: An LC–MS/MS method for the analysis of dabigatran, apixaban 
and rivaroxaban in human plasma has been successfully developed and validated. 
The analysis of plasma samples from patients given other concomitant drugs revealed 
no significant interference. By reanalysis of samples from patients on anticoagulant 
therapy, we found the percentage difference in results between the concentration 
of repeat and the original sample to be within the threshold limit of 20% in 60 of 
63 specimens. Conclusion: The developed LC–MS/MS assay is easily applicable in the 
clinical management of patients on anticoagulation therapy.
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Background
Novel oral anticoagulants (NOACs) have 
emerged as an alternative therapy to vitamin 
K antagonists (VKAs) for the treatment of 
venous thromboembolism (VTE) and stroke 
prevention in patients with nonvalvular atrial 
fibrillation (AF) and for the prevention of 
VTE after major orthopedic surgery.

Inconclusive but encouraging data from 
case reports are also available providing pre-
liminary evidences that these drugs may be 
effective for the prevention and treatment of 
hepatin-induced thrombocytopenia [1].

NOACs act directly at different sites of the 
coagulation cascade by inhibiting coagula-
tion pathway factors: dabigatran blocks the 
transformation of fibrinogen to fibrin through 
thrombin (factor IIa) inhibition, while rivar-
oxaban and apixaban target factor Xa prevent 
the conversion of prothrombin (factor II) to 
thrombin (factor IIa) [1]. These drugs are char-
acterized by a therapeutic window wider than 
that of VKAs, therefore they are administered 

at fixed doses and no routine monitoring is usu-
ally required [2]. However, data from PK stud-
ies of dabigatran, rivaroxaban and apixaban as 
well as from large clinical trials have shown a 
slight intraindividual, but a marked interindi-
vidual variability in drug concentrations [3,4]. 
A limitation of the fixed-dose therapeutic regi-
men is that some patients may be potentially 
exposed to inadequate drug concentrations, a 
condition lasting for all the extent of the treat-
ment [5], this would eventually lead to subopti-
mal or excessive anticoagulation with possible 
therapeutic failure or development of adverse 
drug reactions including major bleeds [6]. Indi-
vidual monitoring of blood concentrations 
of NOACs could represent a useful tool to 
improve drug management in selected clini-
cal scenarios provided that specific, accurate 
and feasible methods for the quantification of 
NOACs are available.

The standard laboratory coagulation tests 
of prothrombin time (PT), activated partial 
thromboplastin time (APPT) and throm-
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bin time (TT) used for VKAs, cannot be adequate for 
NOACs monitoring as these assays are not reproducible 
and linear throughout a wide range of drug concentra-
tions [2,7]. In addition, the development of PD assays is 
challenging because NOACs have different targets and, 
even those with the same target have variable effects on 
routine coagulation assays.

An alternative approach is the therapeutic moni-
toring of NOAC plasma concentrations, at least in 
selected clinical conditions, by taking advantage of 
LC–MS/MS, which is now a standard tool in many 
routine clinical laboratories for the determination of 
small molecule concentrations in biological fluid. Ther-
apeutic drug monitoring has indeed been proposed as 
a way to minimize issues of under- or over-dosing of 
NOACs [6]. The assessment of NOAC concentrations 
may be useful also in the case of emergency bleeding 
events due to overdose or bioaccumulation, such as in 
patients with deteriorating renal or hepatic function 
or when a drug-to-drug interaction is suspected, and 
also to assess compliance of patients to therapy [3,4]. To 
date procedures to assess plasma concentrations of all 
NOACs in a single analytical run easily applicable in 
the clinical practice are limited [8–10].

Here, we have developed an LC–MS/MS method for 
quantification of dabigatran, rivaroxaban and apixaban 
in human plasma samples from patients given NOAC as 
part of their maintenance anticoagulation therapy. As an 
added value to available literature, the proposed method 
evaluated the matrix effect and incurred sample reanaly-
sis, as specifically requested by the recently released EMA 
guidelines for Bioanalytical Method Validation [11].

Materials & methods
Chemicals & reagents
Apixaban and its internal standard [13C,2 H

3
]-apixaban 

(apixaban IS) were kindly provided by BMS (Milan, 
Italy, purity: 99.83 and 99% respectively), while Riva-
roxaban powder was kindly provided by Bayer (Milan, 
Italy, purity 100%). Dabigatran and [2H

6
]-dabigatran 

(dabigatran IS) were purchased from Spectra (Rome, 
Italy, purity: 95 and 96%, respectively). The chemical 
structure of the NOACs and their internal standard is 
represented in Figure 1.

Stock solution of apixaban IS (in dimethyl sulfox-
ide [DMSO]/methanol) and dabigatran IS (in ace-
tonitrile/HCl 0.1N) at 1 mg/ml were diluted with 
m ethanol to obtain working solutions at 10 μg/ml.

Stock solutions containing 1 mg of apixaban, and 
rivaroxaban were prepared in appropriate volumes of 
DMSO and methanol according to their solubility 
product, while for dabigatran the concentration was 
of 0.2 mg/ml in methanol and HCl 0.1N (80:20) and 
was aliquoted. An intermediate solution was prepared 

at the concentration of 20 μg/ml by mixing appropri-
ate volumes of stock solutions with methanol. By dilu-
tion of this intermediate solution with methanol work-
ing solutions of NOAC of 20 ng/ml, 200 ng/ml and 
2 μg/ml were prepared. All the solutions were stored 
at -20°C.

Acetonitrile and methanol (VWR, Milan, Italy) 
were HPLC grade, while formic acid was LC-MS 
grade. Ammonium acetate, analytical grade, was pur-
chased from Fluka and a 2 mmol/l solution was pre-
pared in Milli-Q type water obtained from a Milli-Q 
water purification system (Millipore, Milan, Italy).

Drug-free blank plasma used for the assessment of 
matrix effect and for the preparation of calibration and 
control samples was obtained from healthy volunteers 
participating in local blood donation programs after 
written informed consent collection.

Calibration curves & quality control samples
Quantitative analysis of the NOACs was performed 
using the internal standard method by plotting the ratio 
of the peak area of the analyte to that of the internal stan-
dards versus the nominal drug concentration. Apixaban 
IS was used for both apixaban and rivaroxaban quantifi-
cation. Each level of the calibration curve was prepared 
in each chromatographic run and analyzed twice: one at 
the beginning and one at the end of the run.

Calibrator samples were prepared by mixing appro-
priate volumes of NOACs working solutions with 
plasma to achieve different concentrations from 
1 to 500 ng/ml (namely 1, 2, 5, 10, 40, 100, 200, 
500 ng/ml) so as to cover the range of clinically 
r elevant c oncentrations expected in patients.

Quality control (QC) samples were prepared to obtain 
four sets of NOAC concentrations: at the lower limit 
of quantification (1 ng/ml), at low (3 ng/ml), medium 
(30 ng/ml) and high (300 ng/ml) drug levels. The QC 
s amples were stored frozen at -20°C until analysis.

Sample preparation
Plasma samples were obtained after centrifugation of 
blood samples collected in EDTA tubes at 1730 × g for 
10 min at 4°C and, after separation, stored at -20°C 
into labeled disposable polypropylene Eppendorf tube.

Solid phase extraction was applied on C18 Bond 
Elute Cartridge (1 ml, 100 mg, Agilent Milan, 
Italy) previously activated with methanol and water. 
To 200 μl plasma based calibrators, quality control 
samples and study samples, 10 μl IS solutions were 
added. Samples were centrifuged at 4°C at 10,000 × g 
and the supernatant was diluted with 350 μl of water 
and loaded on the cartridge. Then the cartridges 
were washed with water and elution was performed 
with 500 μl methanol. An aliquot of 100 μl was 
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Figure 1. Chemical structure of dabigatran, apixaban, rivaroxaban and their internal standards.

N

N

NN

O

CO2H CO2H

N
H

NH2

NH2

NH2

NH

Me
N

N

NN

O N
H

NH

CD3

N
N

N

OMe

O
N

O

O

N
N

N

O

O
N

O

O
NH2

CD3

N

O

O

O

N

O

N
H

O

SCl

Dabigatran Dabigatran IS

Apixaban

Rivaroxaban

Apixaban IS

future science group

 LC–MS/MS method for the simultaneous quantification of dabigatran, rivaroxaban & apixaban in plasma   Methodology

diluted with 100 μl of 0.1% formic acid, filtered and 
t ransferred into an HPLC glass vial.

HPLC apparatus & conditions
Samples were analyzed using a Quattro Premier XE 
triple quadrupole (Waters, Milan, Italy) system coupled 
with a Waters Alliance 2695 HPLC. Chromatographic 
separation was performed under gradient conditions 
with a mobile phase composed of CH

3
COONH

4
2 

mmol/10.05% formic acid (solvent A) and 0.1% formic 
acid in methanol (solvent B). The mobile phase was deliv-
ered at 0.3 ml/min using a linear gradient elution program 
from 15 to 85% of B in 5 min and a re-equilibration step 
to the initial solvent composition up to 10 min. Solvents 
were regularly prepared prior to each series of analysis. A 
reversed-phase C18 column (Zorbax Eclipse plus, 2.1 × 
100 mm, 3.5 μm particle sizes, Agilent, Milan, Italy) set 
to 40°C was employed. The autosampler was maintained 
at 10°C and the injection volume was of 20 μl.

Positive electron spray ionization (ESI) mode 
was applied with nitrogen serving as the desolva-
tion gas and high-purity argon as the collision gas. 
All analytes were quantified by a multiple-reaction 
monitoring (MRM) mode with the transitions m/z 
472.05>289.2 for dabigatran (collision energy 30 eV), 

m/z 460.1>443 for apixaban (collision energy 25 eV) 
and 436>144.9 for rivaroxaban (collision energy 
27 eV) while for apixaban IS 464.1>447 (collision 
energy 25 eV) and for dabigatran IS 475.05>292.2 
(collision energy 30 eV). Optimal mass tuning 
parameters and MS/MS transitions were determined 
by direct infusion into the MS/MS detector of metha-
nol/water 50/50 solutions of all drugs at a concen-
tration of 1 g/ml using an infusion pump connected 
directly to the electrospray source.

Method validation
The method validation procedure was based on the 
recommendations of first guidance from EMA [11]. 
For the intra-assay precision and accuracy determina-
tion replicate analysis (n = 5) of QC samples at the 
four concentrations used were analyzed. Interassay 
accuracy and precision were determined by repeated 
analyses performed on five different days. The preci-
sion was calculated as the within and between days 
coefficient of variation (CV%), and the accuracy as 
the percentage of deviation between nominal and 
measured concentrations. The lowest identifiable dis-
crete and reproducible concentration that showed an 
S/N ratio of 10, an imprecision of 20% and accu-
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racy of 80–120% was accepted as the lower limit of 
q uantitation (LOQ).

The selectivity of the method was evaluated as a lack 
of matrix or other concomitant medications interference 
by analysis of human drug-free plasma samples from 
different healthy volunteers (n = 6) and from patients 
under therapy with most common antifungal, anti-
hypertensive, hypolipidemic and antiepileptic drugs. 
Matrix effects (MF) were quantitatively investigated 
at low (3 ng/ml) and high concentrations (300 ng/ml) 
by calculating the ratio of the peak area in presence of 
matrix (spiked blank plasma) to the peak area in absence 
of matrix (standard solution at the same concentration). 
IS normalized matrix factors (NMF) were calculated 
by dividing the MF of the analytes by the MF of ISs 
using six different plasma batches. The CV of the NMF 
should be below 15%. Furthermore, ion suppression was 
also investigated by simultaneously post-infusing a stan-
dard solution of the analytes and the ISs. [12] Carry-over 
was estimated by the ratio between the area of the peaks 
in the blank sample (n = 5) after the injection of the 
highest calibrator (500 ng/ml) and the area of the first 
calibrator (1 ng/ml).

To determine the extraction efficiency, the peak 
area ratios of spiked plasma samples were compared 
with those obtained from direct injections of the same 
amount of NOACs and IS.

The robustness of the method was verified by using 
different batches of analytical columns and by assess-
ing the impact of little variations (i.e., 1%) in mobile-
phase composition and column temperature (±5°C).

To ascertain whether the dilution of samples, in 
case of concentrations above the determined range of 
quantification could affect the accuracy of drug deter-
mination, two- and five-fold dilutions of QC samples 
at medium and high concentrations with blank plasma 
were performed.

The stability of the analytes was investigated on QC 
samples after storage at room temperature for 24 h, at 
+4°C for 36 h, and after three freeze–thaw cycles from 
-20°C to room temperature.

Post-preparative stability in the autosampler was also 
assessed by leaving the extracted sample at +4°C for 
36 h. Finally, the long-term stability was also assessed 
by keeping one set of aliquots at 20°C for 2 months. 
For all experiments, percent difference in analyte con-
centrations was determined by comparison to the nom-
inal levels. The relative standard deviations of the set of 
three samples were calculated.

To test the applicability of the method, samples from 
42 AF patients treated with NOACs were analyzed: 16 
were men and 26 were women, mean age was 75.2 ± 
7.9 years. Mean body mass index was 27.8 ± 5.6 kg/m2, 
mean serum creatinine 1.0 ± 0.3 mg/dl. Thirty-one 

(73.8%) patients were affected by arterial hypertension, 
and six had Type 2 diabetes. All patients provided writ-
ten informed consent in accordance with the guidelines 
of the Helsinki Declaration.

Incurred sample reanalysis was performed on patient 
samples at different concentrations (n = 14 for apixa-
ban, n = 25 for dabigatran and n = 24 for rivaroxaban). 
Samples were analyzed in two different analytical 
runs, the bias of repeat ([result 2 − result 1]/result 1 
× 100) was calculated and had to be within 20% in at 
least 67% of the repeats as requested [11].

The acceptability of re-analyzed samples was also 
investigated using the method recently proposed by 
Rocci et al. [13].

Results
Under the chromatographic conditions described, 
retention times were 5.2 min for dabigatran and its IS 
and 6.6 min for rivaroxaban and apixaban (Figure 2). 
The calibration curves were satisfactorily fitted by qua-
dratic regression with a weighting factor of 1/nomi-
nal concentration for all drugs. The mean correlation 
coefficients for regression equations, generated for 
six different days, were 0.9998 (SD: ±0.0002; range: 
0.9995–9991.0000) for dabigatran, 0.9996 (SD: 
±0.0004; range: 0.9991–9991.00000) for apixaban and 
0.9995 (SD: ±0.0006; range: 0.9987–9981.0000) for 
rivaroxaban. The percentage deviations from nominal 
values determined for mean back calculated concentra-
tions for each calibrator, ranged from -6.1 to +9.8%, 
from -2.2 to 3.0% and from -3.7 to +5.9% for dabi-
gatran, apixaban and rivaroxaban, respectively, indi-
cating a good fit of the data to the weighted q uadratic 
r egr ession equation for the three analytes.

The equations obtained were used to calculate the 
unknown concentrations in patient samples and in 
QCs. Deviations of the back calculated concentrations 
in QCs were within ±15% of the nominal concentra-
tions as reported in Table 1. A concentration of 1 ng/ml 
was set as LOQ for all analytes.

The analysis of plasma samples from healthy vol-
unteers and patients also receiving other concomitant 
drugs revealed no significant interference with the 
MRM ion transitions of the analytes.

No ion suppression was observed in correspondence 
of analytes and IS retention times. Mean NMF for apix-
aban was 0.86 ± 0.08 (with a value of CV% of 8.9%) 
for dabigatran 1.08 ± 0.16 (with a CV% of 14.0) and 
for rivaroxaban was 0.88 ± 0.13 (with a CV% of 14.0). 
Post-infusion of analytes showed minimal i nfluence of 
the matrix analyte retention time (Figure 3).

The ratio between the area of the peaks in the blank 
sample after the injection of the highest calibrator and 
the area of the first calibrator was 8.3% of the signal 
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Figure 2. Extracted ion current chromatograms. Positive multiple reaction monitoring for the single-run detection 
of dabigatran, rivaroxaban, apixaban and their isotopically labelled standards (13C, 2H3-apixaban, 2H6-
dabigatran) in a quality control at the limit of quantitation. 
IS: Internal standard.
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measured with the lowest calibrator, set at 1 ng/ml 
(carry-over effect = 0.083 ng/ml). The extraction effi-
ciencies demonstrated no concentration dependency, 
and were similar (102.2, 82.2 and 98.4% for apixaban, 
dabigatran and rivaroxaban, respectively) between 
each parent and its isotope compounds.

The retention time of the analyte peaks showed 
minimal fluctuation (<0.5 min) by using different 
batches of analytical columns as well as by changing 
solvent composition or column temperature.

Sample dilution effects were also not observed, as 
a twofold dilution of plasma samples containing con-
centrations of 30 and 300 ng/ml as well as a fivefold 
dilution of plasma at the concentration of 300 ng/ml 
gave concentrations that were <±7% of their nominal 
concentration for apixaban, <±6.1% for dabigatran and 
<±4.3% for rivaroxaban.

The stability of drugs in plasma QCs samples left at 
room temperature (RT) and at +4°C was ascertained up 

to 48 h. The variation over time of each drug levels was 
mostly comprised within the ±10% of nominal concen-
trations indicating that, taking into account the analyti-
cal variability, these drugs can be considered generally 
stable. The variation of drug concentrations after three 
freeze–thaw cycles revealed no significant loss for apix-
aban and rivaroxaban (< 8.7%), on the contrary at all 
concentration tested, for dabigatran there was an increase 
of 20%, that was not present after a single freeze–thaw 
cycle. Quality control samples were prepared in batches, 
aliquoted and stored at -20°C for use up to 2 months 
in our routine monitoring laboratory. No evidence of 
decomposition was found during plasma samples storage 
in the freezer at -20°C for at least 9 weeks.

This analytical method was applied for the determi-
nation of plasma concentration in almost 150 samples 
from patients on anticoagulant therapy (52% on dabi-
gatran, 33% on rivaroxaban, 15% apixaban). Mea-
sured dabigatran concentrations ranged from 1.8 to 
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318.5 ng/ml, with an interindividual variability of 58%, 
while rivaroxaban and apixaban ranged from 1.0 to 
307.4 ng/ml (coefficient of variation 100%) and from 
77.4 to 302.7 ng/ml (coefficient of variation 53%), 
respectively.

Sample reanalysis was performed on 14 samples of 
apixaban, 25 for dabigatran and 24 for rivaroxaban. The 

percentage difference in results between the concentra-
tion of repeat and the original sample was within the 
threshold limit of 20% specifically recommended by the 
EMA guidelines in 60 of 63 samples (in a sample of dab-
igatran the difference was 25% and in two samples of 
rivaroxaban differences were of 24 and 23%). Consider-
ing the more conservative approach by Rocci et al. [13], 

Table 1. Performance of the LC–MS/MS method for the simultaneous determination of dabigatran, 
rivaroxaban, apixaban concentrations in human plasma.

Parameters  Dabigatran Apixaban Rivaroxaban

Within day

LOQ (1 ng/ml):    

– Mean ± SD 0.94 ± 0.1 1.05 ± 0.0 1.11 ± 0.2

– CV (%) 9.9 3.2 14.2

– Accuracy (%) 93.6 104.6 110.8

Low conc (3 ng/ml):    

– Mean ± SD 2.6 ± 0.2 3.1 ± 0.2 2.8 ± 0.4

– CV (%) 7.1 7.5 14.2

– Accuracy (%) 88.8 104.5 94.4

Medium conc (30 ng/ml):    

– Mean ± SD 26.0± 1.9 30.8 ± 1.6 31.5 ± 1.9

– CV (%) 7.1 5.3 5.9

– Accuracy (%) 86.5 102.6 105.0

High conc (300 ng/ml):    

– Mean ± SD 334.6 ± 7.2 334.6 ± 14.9 339.0 ± 4.2

– CV (%) 2.2 4.3 4.3

– Accuracy (%) 89.7 89.7 87

Between day

LOQ (1 ng/ml):    

– Mean ± SD 1.07 ± 0.1 1.02 ± 0.1 1.04 ± 0.2

– CV (%) 9.0 5.1 14.6

– Accuracy (%) 106.8 102.0 104.0

Low conc (3 ng/ml):    

– Mean ± SD 2.8 ± 0.1 3.1 ± 0.1 2.9 ± 0.4

– CV (%) 4.4 3.9 13.7

– Accuracy (%) 92.3 102.3 96.4

Medium conc (30 ng/ml):    

– Mean ± SD 29.1± 2.9 31.8 ± 2.1 30.8 ± 2.4

– CV (%) 9.8 6.5 7.9

– Accuracy (%) 96.9 106.1 102.7

High conc (300 ng/ml):    

– Mean ± SD 302.8 ± 14.9 339.2 ± 11.3 327.2 ± 22.0

– CV (%) 4.9 3.3 6.7

– Accuracy (%) 101.0 86.9 90.9

CV: Coefficient of variation; LOQ: Limit of quantitation; SD: Standard deviation.
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Figure 3. Monitoring of ion suppression by postcolumn infusion method. Total ion current trace of novel oral 
anticoagulants steadily infused into the LC eluent of a blank plasma extract. Vertical arrows represent the analyte 
retention time.
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the mean ratio obtained for apixaban was 0.98 with ratio 
limits of 0.96–1.01 and limits of agreement 0.94–1.03 
that contain all the determination. For dabigatran the 
mean ratio was 1.06 with ratio limits of 1.01–1.11 and 
limits of agreement 0.94–1.19, while for rivaroxaban the 
mean ratio was 1.05 with ratio limits of 1.00–1.10 and 
limits of agreement 0.93–1.18. For these two molecules, 
one determination was out of the limits of agreements.

Discussion
Testing of coagulation parameters is a common practice 
in clinical medicine during the administration of VKAs, 
whereas NOACs do not usually require routine coagula-
tion monitoring. However, important differences in the 
interindividual PK and PD profiles of NOACs have been 
recently underlined [3]. It has also been suggested that 
a better understanding of the effect of clinical variables 
such as age, renal function, dosing interval, genotyping 
(inherited) differences in drug metabolism/transport and 
co-medications may allow a better prediction of the risk 
for sub- and over-therapeutic anticoagulation response 
and hence help individualizing NOACs selection and 
dosing. This task, however, cannot be addressed by tradi-
tional PD coagulation tests, such as PT and APTT [2,7,14]. 

As alternative strategies, functional coagulation tests that 
estimate plasma drug concentrations by assessing a PD 
response have been developed. These tests are based on 
the assessment of diluted thrombin time (Hemoclot 
Thrombin Inhibitors® [HTI], Hyphen-BioMed, Neu-
ville-sur-Oise, France), ecarin clotting assay (ECA-T 
HaemoSys® [ECA]; Diagnostica Stago, Asnieres, 
France), or chromogenic anti Xa assays (Biophen Direct 
Factor Xa inhibitor® [DiXal]; Hyphen-BioMed) [15,16]. 
Although HTI, ECA and DiXal test are already used 
in clinical practice to monitor exposure of patients to 
NOACs, comparative studies have recently documented 
essential interindividual variability and poor correlation 
with drug concentrations measured using LC–MS/MS 
taken as the golden standard reference method; interest-
ingly these biases resulted particularly evident in the low 
range of NOACs c oncentrations [15–18].

For the above-mentioned limitations of available 
chromogenic or clotting-based assay, here we developed 
and validated an LC–MS/MS method for the simul-
taneous quantification of dabigatran, rivaroxaban and 
apixaban concentrations in human plasma designed to 
be easily applicable in a clinical setting. Although these 
drugs are not simultaneously in clinical practice, the 
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availability of a single methodology to assess different 
NOACs would simplify and facilitate the laboratory 
testing of these drugs rendering it accessible also to 
small-size laboratories than cannot afford to maintain 
multiple analytic procedures in parallel.

The method was precise, accurate, sensitive, spe-
cific and robust, fully accomplishing the recently 
updated guidelines for bioanalytical method valida-
tion [11]. Worthy of mention, we have successfully 
applied the method for routine monitoring of patients 
on anticoagulation therapy and confirmed that such 
patients, treated with fixed drug doses, experienced 
wide v ariability in the NOACs exposure.

To the best of our knowledge, only three papers 
have previously dealt with the development of 
methods able to concomitantly measure different 
NOACs, with comparable overall performance with 
our method [8–10]. The main novelty of our work 
compared with available literature is the conduct of 
incurred sample reanalysis which is a mandatory req-
uisite in the recently released EMA guidelines on bio-
analytical method validation [11]. This is an essential 
analysis to unmask reproducibility problems in the 
processing of in vivo samples. Using this approach 
we have provided evidence that of our method fully 
complies with the requirements dictated by both the 
EMA guidelines [11] and the more conservative and 
stringent criteria proposed by Rocci et al. [13]. More-
over a potential advantage of our method as compared 
with the one recently proposed by Gous et al. [9] is 
the use of an instrumentation that no wadays is more 
likely to be found in clinical laboratories.

As potential limitations of the present study we 
acknowledged the lack of an isotope-labeled IS for riva-
roxaban and the use of solid-phase extraction which is a 
time-consuming sample preparation step that, however, 
provides a better clean up of plasma samples and reduced 
matrix effect allowing better method performance. An 

additional potential limitation of our method relies on 
its unproven application for the assessment of dabi-
gatran acylglucuronides, as recently described by Saf-
fian et al. [19]. Indeed, as these metabolites are labile, 
a potential overestimation of dabigatran due to the 
hydrolysis of the acyl-glucuronide metabolites cannot 
be definitively ruled out [19]. However, we are confident 
that this bias could be limited if samples are immediately 
centrifuged at 4°C and stored at -20°C until analysis.

In conclusion, an accurate and sensitive LC–MS/MS 
assay for quantification of NOACs in human plasma 
was developed and validated fully accomplishing the 
EMA guidelines. This method was shown to be easily 
applicable for the routine management of patients on 
anticoagulation therapy in selected clinical scenarios.

Future perspective
We believed that this method would be a specific and 
precise tool in clinical laboratory to assess patient drug 
concentration in order to improve the benefit–risk 
ratio for these drugs.

Many patients could benefit from a precise measure-
ment of plasma concentrations: elderly, patients with 
hepatic or renal impairment, patient with extreme 
bodyweight, patient at risk of drug–drug interactions. 
The availability of method that simultaneously quan-
tify all NOACs in an accurate manner even at low 
concentration is mandatory for a hospital laboratory. 
In future, a powdered clinical trial to confirm the ben-
efit of a dose adjusted respect to a standard dose regi-
men in these and other categories of patients would be 
necessary.

In addition, a range of concentrations associated with 
optimal response and low toxic effects will be defined.
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Executive summary

Background
• To develop an LC–MS/MS method for quantification of dabigatran, rivaroxaban and apixaban in human 

plasma samples from patients given NOAC as part of their maintenance anticoagulation therapy.
Experimental
• The proposed method was validated in agreement with the recently updated EMA guidelines for Bioanalytical 

Methods Validation.
Results & discussion
• The proposed method fully accomplished the criteria dictated by EMA guidelines.
• Coefficient of variation of interpatient concentrations confirm the large variability in plasma concentrations of 

the fixed dose therapy.
• The method has been satisfactorily applied to plasma samples of patients in therapy with these drugs.
Conclusion
• The developed method is accurate and precise and free from matrix effects and is considered suitable to 

quantity novel oral anticoagulants in human plasma samples.
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