
Q
c
f
i
t

M
D

a

A
R
R
A
A

K
I
I
S
B
T

1

s
t
d
s
s
l

1
T

(

h
0

Journal of Chromatography A, 1454 (2016) 42–48

Contents lists available at ScienceDirect

Journal  of  Chromatography  A

jo ur nal ho me pag e: www.elsev ier .com/ locate /chroma

uantification  of  active  infliximab  in  human  serum  with  liquid
hromatography–tandem  mass  spectrometry  using  a  tumor  necrosis
actor  alpha  -based  pre-analytical  sample  purification  and  a  stable
sotopic  labeled  infliximab  bio-similar  as  internal  standard:  A
arget-based,  sensitive  and  cost-effective  method

ohsin  El  Amrani ∗,  Marcel  P.H.  van  den  Broek,  Camiel  Göbel,  Erik  M.  van  Maarseveen
epartment of Clinical Pharmacy, Division of Laboratory Medicine and Pharmacy, University Medical Center Utrecht, Utrecht, The Netherlands

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 30 March 2016
eceived in revised form 20 May  2016
ccepted 21 May  2016
vailable online 22 May  2016

eywords:
nfliximab
mmuno-affinity
treptavidin
iotin
NF-�

a  b  s  t  r  a  c  t

The  therapeutic  monoclonal  antibody  Infliximab  (IFX)  is  a  widely  used  drug  for the  treatment  of  several
inflammatory  autoimmune  diseases.  However,  approximately  10%  of patients  develop  anti-infliximab
antibodies  (ATIs)  rendering  the  treatment  ineffective.  Early  detection  of  underexposure  to  unbound  IFX
would result  in  a  timely  switch  of  therapy  which  could  aid  in  the treatment  of this  disease.  Streptavidin
coated  96  well  plates  were  used  to  capture  biotinylated-tumor  necrosis  factor  -alpha  (b-TNF-�),  which
in  turn  was  used  to selectively  extract  the active  form  of  IFX  in  human  serum.  After  elution,  IFX was
digested  using  trypsin  and one  signature  peptide  was  selected  for  subsequent  analysis  on  liquid  chro-
matography  − tandem  mass  spectrometry  (LC–MS/MS).  The  internal  standard  used  was  a stable  isotopic
labeled  IFX  bio-similar.  The  assay  was successfully  validated  according  to  European  Medicines  Agency
(EMA)  guidelines  and  was  found  to be  linear  in a range  of 0.5–20  �g/mL  (r2 = 0.994).  Lower  limit of  quan-
tification  for  the assay  (<20%  CV)  was  0.5 �g/mL,  requiring  only  2 �L of  sample.  Cross-validation  against
enzyme-linked  immunosorbent  assay  (ELISA)  resulted  in  a high  correlation  between  methods  (r2 =  0.95

with  a  �c = 0.83)  and  the  accuracy  was  in line  with  previously  published  results.  In conclusion,  a  sensitive,
robust  and  cost-effective  method  was  developed  for the  bio-analysis  of  IFX  with  LC–MS/MS  by  means  of
a target-based  pre-analytical  sample  purification.  Moreover,  low  volume  and  costs  of  consumables  per
sample  promote  its  feasibility  in (pre)clinical  studies  and in therapeutic  drug  monitoring.  This  method
should  be  considered  as  first choice  due  to its accuracy  and  multiple  degree  of selectivity.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Infliximab (IFX), an immunoglobulin G (IgG) based tumor necro-
is factor alpha (TNF-�)  blocking antibody, has been approved by
he EMA  and the FDA for the treatment of several autoimmune
iseases, such as Crohn’s disease, ulcerative colitis, ankylosing

pondylitis and rheumatoid arthritis to induce and retain remis-
ion [1,2]. One year after initiation of IFX therapy, 10% of patients
ose response to the treatment [3]. It is speculated that this is largely
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due to induction of immunogenicity where patients develop anti-
infliximab antibodies (ATIs) that bind to IFX rendering it ineffective.
Therapeutic drug monitoring of the biological active fraction of IFX
in patients’ serum has shown great promise to improve treatment
outcomes in patients suffering from inflammatory autoimmune
diseases [4–7].

The traditional way  of analyzing monoclonal antibodies such as
IFX is by ELISA. However, there are some noteworthy differences
in sensitivity and selectivity attained with various IFX ELISA assays
[8,9]. These differences are mainly attributed to the assay design
for capturing and detecting the monoclonal antibody of interest.
Furthermore, ELISA assays are vulnerable to cross reactivity, this

is when the detecting antibody lacks specificity and attaches itself
to a soluble receptors or to endogenous IgG in serum instead of
the therapeutic antibody of interest [8,10]. Moreover, ELISA meth-
ods lack the linear dynamic range and due to the higher risk of

dx.doi.org/10.1016/j.chroma.2016.05.070
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2016.05.070&domain=pdf
mailto:m.elamrani@umcutrecht.nl
mailto:mohsin.elamrani@gmail.com
dx.doi.org/10.1016/j.chroma.2016.05.070


omato

c
d
a
fi
s
t
w
i
M
t
p
A
t
i
i
p
s
a
o
q
t
a
m
I
t
o
i
t
i

e
p
m
i
a
y
b
v

i
a
n
a
a
i
t
t
f
c
b
r
t
i
e

2

2

i
r
1
M
n

M. El Amrani et al. / J. Chr

ross reactivity requires an extensive validation [11]. It has been
emonstrated that LC–MS/MS preceded by sample purification
nd protein digestion can provide the high sensitivity and speci-
city required for the quantification of monoclonal antibodies in
erum [12]. Sample purification prior to MS  analysis is necessary
o remove serum proteins and salts that otherwise would interfere
ith the analysis. There have been various methods published deal-

ng with sample purification for therapeutic antibodies in serum.
ethods such as pellet digestion remove albumin from serum in

he supernatant layer by using organic solvents or salts, here the
ellet retains all IgGs including the therapeutic antibody [12–15].
lbumin accounts for approximately 50% of total serum proteins,

hus the removal of albumin from serum enhances the sensitiv-
ty of the method [16]. Other approaches focus on capturing IgGs
n serum by means of immuno-affinity purification using either
rotein A, protein G, or anti human Fc antibodies attached onto a
olid support such as magnetic beads [17–23]. Thereafter, the ther-
peutic antibody is eluted and digested using trypsin and finally
ne ‘signature’ peptide (a non-endogenous peptide) is selected for
uantification. However, these sample purification methods men-
ioned above are nonspecific for the active form of the therapeutic
ntibody. Furthermore, immunoglobulins (Ig’s) are amongst the
ost abundant proteins in serum [24,25]. These “naturally present”

g’s are extracted together with the therapeutic antibody during
hese types of sample purifications and they pose a potential source
f chromatographic interference and ionization suppression dur-
ng MS  analysis. In addition, high levels of Ig’s will compete with
he therapeutic antibody for the binding sites during these types of
mmuno-affinity interaction, potentially harming recovery rates.

Indeed, a selective sample preparation would be able to
liminate or reduce the drawbacks found in the generic sam-
le purification approaches described above. Therefore, in this
anuscript we propose a selective purification of active IFX (inflix-

mab with an unbound paratope) in human serum by means of its
ntigen TNF-�, followed by trypsin digestion and LC–MS/MS anal-
sis. The proposed purification is based on immunoaffinity using
iotinylated TNF-� (b-TNF-�) which has been fixed onto a strepta-
idin coated 96 well plate.

The benefit here are, cleaner extracts due to the use of selective
nteractions, which would lead to a reduction in the noise level and

 lowering of the detection limit. Furthermore, due to the selective
ature of the test, only the antibody of interest (IFX) is captured
nd eluted this would require a minimal amount of the capturing
ntigen (b-TNF-�). Moreover, cleaner extracts would require a min-
mal amount of trypsin for the subsequent digestion. Also, due to
he coupling of TNF-� onto a 96 well plate instead of beads, higher
hroughput, ease of use and faster sample preparation times are
acilitated. These factors would reduce the cost of the test signifi-
antly and most importantly the use of a stable isotope labelled IFX
io-similar as internal standard (IS) would aid in obtaining accu-
ate and precise results. This is due to the possibility of introducing
he IS at the beginning of the sample preparation, thus providing
deal correction for loses occurred during sample pre-treatment,
nzymatic digestion and LC–MS/MS analysis.

. Materials and methods

.1. Chemicals and reagents

Infliximab (RemicadeTM) was obtained from Janssen Biolog-
cs B.V. (Leiden, The Netherlands) as lyophilized powder and was

econstituted in distilled water to a final concentration of 10 �g/�L,
00 �L aliquots of this solution were pipetted in Eppendorf LoBind
icrocentrifuge tubes and stored at −80 ◦C. Stable isotope Inter-

al standard infliximab bio-similar was obtained from Promise
gr. A 1454 (2016) 42–48 43

advanced proteomics (Grenoble, France) as a 10 �g/10 �L solution.
Biotinylated human recombinant TNF-� was obtained from ACRO
biosystems (Newark, DE) and dissolved in Phosohate Buffered
Saline (PBS), 0.1% Tween-20, 1% BSA to 50 �g/mL. Streptavidin high
binding capacity coated 96 well plates were obtained from Thermo
Fisher (Waltham, MA). MS  grade modified trypsin was obtained
from Promega (Madison, WI)  and was  dissolved to 1 �g/�L in
50 mM acetic acid and aliquoted in the Eppendorf LoBind Micro-
centrifuge tubes. Aliquots were stored at −80 ◦C. Drug-free human
serum was  obtained from BIO-RAD (Irvine, CA). All other reagents
and LC–MS grade mobile phase solvents were obtained from Sigma
(Saint Louis, MO).

2.2. Preparation of standards, internal standard and QCs

The working IFX solution (20 �g/mL) was prepared from the
100 �L aliquot (10 �g/�L)  by adding 900 �L drug free human serum
(DFHS) to obtain a concentration of 1 �g/�L.  This solution was
diluted further to 20 �g/mL in DFHS. Aliquots were stored in lobind
eppendorf tubes at −80 ◦C. Standards at concentrations of 0.5, 1,
2.5, 5, 10, 20 �g/mL were prepared fresh from the working solu-
tion by dilution in DFHS. The 10 �g/10 �L IS solution was diluted to
25 �g/mL. Aliquotes were stored at −80 ◦C The working IS solution
of (2.5 �g/mL) was  prepared from the stock solution (25 �g/mL)
by dilution in DFHS. Quality Control samples (QCs) at lower limit
of quantification (LLOQ) (0.5 �g/mlL), QC low (1.5 �g/mL), QC med
(6 �g/mL) and QC high (15 �g/mL), were prepared in DFHS from a
different stock solution to that used to make the standards. Aliquots
were stored at −80 ◦C.

2.3. Instrumentation and chromatographic conditions

Sample purification was performed on a vibramax 100 plate
shaker, Heidolph Instruments (Schwabach, Germany). Sample dry-
ing was performed on a HETOVAC, VR-1 (Allerød, Denmark).
All experiments were performed on an Ultimate 3000 UHPLC
Dionex (Sunnyvale, CA) coupled to a TSQ Quantiva, Thermo Fisher
(Waltham, MA). The analytical column was UPLC Acquity, BEH
2.1 × 50 mm,  1.7 �m particle size, Waters (Milford, MA)  and was
maintained at 50 ◦C. The mobile phases were: (a) 0.1% formic acid
in water; (b) 0.1% formic acid in ACN. The LC gradients in min-
utes per percentage of mobile phase B were 0.0 (min)/10 (% B),
3/35, 3.01/100, 4.25/100, 4.26/10 and 5.5/10. The flow rate was
0.5 mL/min and the run time was  5.5 min. The MS  was operated in
positive mode with spray voltage of 3.5 kV, Ion Transfer Tube Tem-
perature 350 ◦C, vaporizer temperature 400 ◦C, aux gas pressure
15 Arb, sheath gas pressure 50 Arb, sweep gas pressure 0 Arb and
collision gas pressure 2.5 mTorr. The precursor ions, product ions,
collision energy and radio frequency (RF) lens settings are listed in
Table 1 for IFX and for the internal standard.

2.4. Sample preparation for LC–MS/MS analysis

Sample preparation was based on immunoaffinity where active
IFX was bound to b-TNF-�, which in turn was bounded to strep-
tavidin coated 96 well plate (Fig. 1). B-TNF-� was coupled to
a streptavidin coated 96 well plate by pipetting 5 �L b-TNF-�
(50 �g/mL) and 195 �L PBS (0.1% Tween-20) in each well, followed
by overnight mixing on a plate shaker (300 rpm) at room tem-
perature. The plate was washed 3 times with 200 �L PBS (0.1%
Tween-20). Then, in a lobind eppendorf tube, 200 �L PBS (0.1%
Tween-20) was  added, followed by 2 �L (standard, QC or serum

sample) and 4 �L IS (2.5 �g/mL). This solution was  mixed (gen-
tly) and transferred to the b-TNF-� pre-treated 96 well plate and
allowed to bind for 1 h at room temperature on a plate shaker
(300 rpm). Then, the wells were washed 3 times with 200 �L PBS
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Table 1
TSQ Quantiva Mass Spectrometry Conditions for SRM transitions for the signature peptide liberated from IFX after digestion with trypsin and the internal standard stable
isotopic labelled IFX bio-similar.

Peptide sequence Location Precursor
charge

Precursor
(m/z)

Product
(m/z)

Product Ion
type

CEa

(V)
RFb

(V)

DILLTQSPAILSVSPGER (Quantifier ion) VL1 2+ 948.53 545.25 y5 25 110
DILLTQSPAILSVSPGER (Qualifier ion) VL1 2+ 948.53 731.37 y7 25 110
DILLTQSPAILSVSPGER (Qualifier ion) VL1 2+ 948.53 1125.63 y11 25 110
DILLTQSPAILSVSPGER[13C6,15N4], (IS)c VL1 2+ 953.53 555.25 y5 25 110

a CE: collision energy.
b RF: radio frequency lens.
c IS: internal standard.
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Fig. 1. Principle of immunoaffinity purification of IFX us

0.1% Tween-20), followed by 5 times water wash to remove salts
nd tween. Bound IFX was extracted by adding 100 �L elution solu-
ion (48.5% MEOH: 48.5% H2O: 3% formic acid) and vortex mixed
or 10 min  at 900 rpm on a plate shaker. 100 �L extracts were trans-
erred to a 2 mL  glass vials and dried for 1 h at 45 ◦C on the HETOVAC.
he samples, QC’s and standards were reconstituted in 150 �L Tris
50 mM,  pH 9.5). Then, 5 �L DTT 100 mM was added, mixed for

 min  at 1500 RPM and allowed to react on a block heater set at 60 ◦C
or 30 min. Samples were briefly spun down. Then, 5 �L trypsin
0.05 �g/�L) dissolved in acetic acid 2.5 mM was added and gen-
ly mixed. Then, the tubes were placed in an oven set at 37 ◦C for
vernight digestion. Finally, trypsin activity was stopped through
he addition of 30 �L formic acid 10% in methanol and 25 �L was
njected and analyzed on LC–MS/MS.

.5. ELISA method for IFX quantification

The ELISA reference method, used in this study to evaluate
C–MS/MS IFX results, was developed by Sanquin and validated
ccording to ICH guidelines [26]. The steps involved are indicative
f sandwich type ELISA. In brief, the procedure is based on cap-
uring active IFX with TNF-� which was bound to a monoclonal
ntibody on a polystyrene microtiter well plate. After washing the
nbound serum components, biotinylated anti-IFX antibody was
dded. After washing, horseradish peroxidase (HRP) conjugated
ith streptavidin was added. Then, excess HRP was washed off

ollowed by the addition of the substrate solution. HRP converts
he substrate solution to a colored product in proportion to the
mount of IFX present. Finally, a stop solution is added to termi-
ate the reaction and the absorbance was measured in a microtiter
late reader.
.6. Sample selection for comparative study

Routine Therapeutic Drug Monitoring samples were collected
rom patients who were treated with IFX. A portion of the sam-
otinylated TNF-� and streptavidin-coated 96 well plate.

ple was send for ELISA analysis at Sanquin (Amsterdam, The
Netherlands) and the remainder was  stored at −80 ◦C for LC–MS/MS
analysis. The samples for the comparative study were selected
based on their therapeutic range and on the presence of anti-IFX
antibodies. The study was carried out on 24 samples from a concen-
tration range of 0–20 �g/mL, of which 7 samples contained anti-IFX
antibodies. All serum samples used in this study, were collected
with patient’s consent.

2.7. Validation of infliximab LC–MS/MS method

A linear calibration curve was  evaluated on three separate days
and was  established consisting of six standards ranging from 0.5 to
20 �g/mL. LLOQ was determined by calculating the ratio of LLOQ
signal to the blank (DFHS) spiked with IS signal on three differ-
ent days in 5 folds. Selectivity was  tested using 6 blank human
serum samples. Specificity was tested using spiked Adalimumab,
Etanercept, Azathioprine and Cetuximab at 10 �g/mL in serum.
Within-run and between-run accuracy and precision, which is
a measure for repeatability and reproducibility of the analytical
method, was validated by analyzing LLOQ, QC low, QC med  and QC
high in five folds during 3 days. The data obtained for each concen-
tration level was evaluated with single factor ANOVA. Accuracy was
expressed as percentage bias. Precision was expressed as percent
coefficient of variation (% CV) and was calculated from the ANOVA
derived mean squares (MS). Matrix effects of both IFX and IS were
investigated by performing sample purifications on 6 randomly
chosen blank human serum samples in duplicate, after washing
and eluting, one set of extracts were spiked at QC low (1.5 �g/mL)
and the other set were spiked at QC high (15 �g/mL) level. Clean
extraction solutions were also spiked at QC low and QC high and
were used as the matrix free reference. Then 4 �L IS (2.5 �g/mL)

was added and samples were treated according to the procedure
described above continuing on from drying step of 1 h at 45 ◦C. The
IS-normalized matrix factor was calculated for each blank human
serum sample by dividing the matrix factor (MF) of IFX (peak area
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Fig. 2. Mass spectrometry scan (300–1500 m/z) of precursor peptides liberated from IFX stock 100 �g; Disulfide bond reduction performed with DTT (5 mM)  at 60 ◦C for 1 h,
f recurs
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ollowed by digestion with trypsin (5 �g) at 37 ◦C for 4 h. Identification based on p
.7  �m,  150 × 2 mm,  C18, gradient used: 0 (min)/5 (% B), 19/50, 19.1/100, 21.0/10
cetonitrile.

FX in the presence of matrix divided by peak area IFX in absence
f matrix) by the MF  of the IS. The matrix effect was expressed as%
V of the IS-normalized MF.  Although lyophilized IFX can handle
emperature extremes of up to 30 ◦C for a period of 12 months [27],
he stability of IFX in serum is unknown. Furthermore, the effects of
FX denaturation due to sample handling (which could lead to IFX
eactivation) could also reduce the storage period of the sample.
herefore, IFX stability was tested according to EMA  guidelines at
C low and QC high level during 2 freeze and thaw cycles and the
ercentage bias was calculated.

. Results and discussion

.1. Method development

The 144 kDa molecular mass of infliximab exceeds the typical
ass range of a triple quadrupole mass spectrometer. Therefore,

rotein digestion plays an integral part in LC–MS/MS analysis of
iopharmaceutics. We  have opted for using trypsin to produce
maller peptides, because peptides liberated this way  contain a
erminal lysine or arginine, two basic amino acids that are eas-
ly ionized during electrospray ionization. During IFX digestion,

 multitude of peptides were produced (Fig. 2). A signature pep-
ide was selected based on four criteria; number (n) of amino
cids in the peptide chain 6 < n <20, the signal intensity, absence
rom the human genome (search performed on pBLAST® using the
uman database swissprot) and stability of the comprising amino
cids. After careful consideration, D1ILLTQSPAILSVSPGER peptide
as selected as the signature peptide. This is a terminal peptide

ocated in the variable light (VL1) portion of IFX which can be eas-
ly liberated. The peptides G44LEWVAEIR from the variable heavy
hain (VH44) and G124PSVFPLAPSSK from the constant heavy chain
CH124) were monitored at 536.8 → 587.4 and at 593.8 → 699.4 m/z
espectively solely to optimize the buffer type and strength for

ryptic digestion. Stable isotopic labeled infliximab bio-similar,
ontaining labeled arginine (13C6; 15N4) and lysine (13C6; 15N2)
as chosen as the internal standard and was spiked at 5 �g/mL

nto 2 �L samples, QC’s and standards, thus requiring only 10 ng
or mass and fragmentation pattern (data not shown). Column used BEH (Waters),
1/5, 25/5. Mobile phase: A = 0.1% formic acid in water and B = 0.1% formic acid in

labeled IS. The SRM transitions of the precursors and the prod-
uct ions were selected based on the ones that provided the lowest
interference and the highest signal intensity. These transitions were
found during MS  optimization of collision energy settings (data not
shown). Immunoaffinity sample purification was  based on the bait
and prey principal. Here 0.25 �g b-TNF-� was captured on top of
streptavidin coated 96 well plate (Fig. 1) which in turn was used to
capture biologically active IFX fraction in serum (IFX with at least
one free paratope). 0.25 �g b-TNF-� corresponds to 9.6 �mol pro-
tein which falls within the manufacturer stated threshold of ∼125
�mol  biotinylated protein per streptavidin coated well. Further-
more, compared to the highest standard (0.04 �g or 0.27 �mol  IFX),
0.25 �g b-TNF-� provides 18× molar excess to available IFX bind-
ing sites which is highly desirable for a fast extraction. The 96 well
plates accommodated a high sample throughput, ease of use and a
fast sample preparation time. The method was validated according
to the latest EMA  guidelines Rev. 1, with coming into effect date of
1 February 2012.

3.2. Streptavidin coated 96 well plate capacity test

Streptavidin has been reported to show a strong binding affin-
ity towards biotin [28]. Furthermore, due to its near neutral
isoelectric point, it possesses low non-specific binding. Based
on these characteristics, b-TNF-� in conjunction streptavidin
high binding capacity coated 96 well plates were chosen for
the immunoaffinity purification. The capacity of these plates,
which define the linear working range of the analytical method,
was determined by the following test. The test was  performed
using the sample preparation procedure described above with
some modifications, namely, the standard range was extended
to 0.1–0.5–1–5–10–20–30–40–50–60–70–80–90 �g/mL and the
internal standard was  added after elution in this experiment, in
order to correct solely for the losses observed after elution.
As illustrated by Fig. 3, the calibration line starts to bend around
30 �g/mL IFX, which corresponds to 0.06 �g IFX per well. The thera-
peutic trough level range for patients treated with IFX lies between
3 and 7 �g/mL, therefore we have chosen to limit our calibration
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Fig. 3. Streptavidin high binding capacity coated 96 well plate tested by allowing
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50 ng or 14.4 pmol b-TNF-� and 2 �L standard (0.1–90 �g/mL) to bind, followed by
ddition of IS after elution (4 �L, 2.5 �g/mL), drying, trypsin digestion and LC–MS/MS
uantification.

ange to the upper level of 20 �g/mL for therapeutic drug mon-
toring purposes. One hour binding time was selected to reduce
he analysis time, however, an extended calibration range might
e achieved by increasing the binding time.

.3. Optimizing buffer type and strength for tryptic digestion

In this experiment we  examined the buffer type and strength
hat yield the highest signals for three peptides (VL1, VH44 and
H124). The use of ammonium bicarbonate (ABC) and tris (hydrox-
methyl) aminomethane (Tris) buffers both ranging from 50 to
00 mM buffer strength was explored. The buffers were adjusted
ith HCl to pH 8 for both buffer types at all buffer strengths. The

est was performed in triplicate, 10 �L IFX working solution was
iluted in multiple vials with 90 �L Tris or ABC at various buffer
trengths, ranging from 50 to 200 mM with 50 mM increments. DTT
as freshly made and added to the test solutions to obtain a final

oncentration of 2 mM.  The vials were heated to 60 ◦C for 60 min
o reduce the disulfide bonds. After the vials were cooled to room
emperature, 10 �L trypsin (0.01 �g/�L) was added and digested
or 3 h at 37 ◦C. Finally, 10 �L formic acid (10% in methanol) was
dded to stop the reaction and 25 �L was injected and analyzed on
he LC–MS/MS.

Fig. 4 depicts the influence of buffer type and strength on the
rypsin activity. Trypsin activity can be monitored through the
mount of peptides formed, which in turn is linearly correlated

o signal intensity. As shown, the signal intensity diminished with
ncreasing buffer strength, indicating that trypsin is sensitive to
igh salt concentration. Furthermore, the rate of reduction is buffer

ig. 4. Signal intensity (with standard error bars, n = 3) of three peptides found in
FX  versus buffer type and strength.
Fig. 5. Comparison of ELISA versus LC–MS/MS analysis (n = 24). Seven samples con-
taining variable levels of ATIs and no free IFX concentration.

type dependent. An increase in buffer strength in ABC resulted in
a steeper decline in signal intensity of VH44 and CH124 peptides
compared to Tris. Because ABC is thermally labile and because it
causes a steeper decline in signal intensity for VH44 and CH124,
Tris at 50 mM buffer strength was selected for use as the digestion
buffer.

3.4. Comparative study

24 samples were selected based on the concentration range
(0–20 �g/mL) and the presence of ATIs. A good correlation of
R2 = 0.95 was retrieved between ELISA assay and LC–MS/MS (Fig. 5)
using Pearson’s linear regression. Furthermore, a Lin’s concordance
correlation coefficient [29] of �c = 0.83 was retrieved, indicating
a substantial agreement between the two methods. Both meth-
ods reported no free IFX concentrations in the 7 patients that had
developed ATIs. However, LC–MS/MS IFX results were a factor 1.5×
higher compared to ELISA assay, which is possibly due to the dif-
ferent interactions taking place during sample binding and analysis
between the two assays. The ELISA assay requires two interactions,
one for binding IFX to the plate and the other for IFX detection.
The strength and/or efficiency of these two interactions might not
be sufficient. In comparison, for the LC–MS/MS sample purification
method, only one interaction is required to bind IFX to the plate.
Moreover, the same between-assay differences were observed in a
recent study of five IFX ELISA assays [9]. The results showed that the
Sanquin and Dynacare ELISA assays provided approximately 1.5×
lower concentrations compared to Janssen, KU Leuven and LabCorp
in patients treated with IFX which is similar to what was found in
this study.

3.5. Validation

A linear calibration curve was  established with a mean
correlation coefficient of R2 = 0.994 using 6 standards,
0.5–1–2.5–5–10–20 �g/mL analyzed over three days. The
mean regression line over the three days was Y = 0.275
[±0.00538]X − 0.0006 [±0.0174] with a residual sum of squares
(RSS) of 0.041. The back calculated standard points are in concor-
dance with EMA  acceptance criteria of ±15% of the nominal value
(Table 2). LLOQ was  greater than the acceptance criteria of 5×
the noise level (Fig. 6A). Selectivity and specificity were evaluated
with 6 blank human serum samples and with spikes of 10 �g/mL
of drugs commonly found in treated patients. Because cetuximab

contains near identical light chain sequence to that of IFX it was
also included in the specificity test. The signal ratios obtained from
the samples mentioned above, were calculated in relation to LLOQ
IFX signal and IS signal respectively and are displayed in Table 3. As
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Table  2
Statistics of the back calculated concentrations of the standard curve analyzed dur-
ing  three days.

Nominal concentration (�g/ml)

0.5 1 2.5 5 10 20

Mean 0.50 0.99 2.44 4.93 10.03 21.42
Standard deviation 0.03 0.06 0.16 0.10 0.25 1.61
Accuracy (%)a −0.47 −1.00 −2.52 −1.48 0.27 7.11
Imprecision (%)b 6.59 5.71 6.69 2.06 2.46 7.53

a Accuracy: Determined as (measured conc. – nominal conc.)/nominal conc.
*100%.

b Imprecision: Expressed as co-efficient of variation (CV).

Fig. 6. SRM of (A) IFX at the back (m/z 948.53 = > 545.25) at LLOQ level overlaid with
blank (DFHS) spiked with IS at the front. (B) IS at the back (m/z 953.53 = > 555.25)
overlaid with blank at the front.

Table 3
Selectivity tested with randomly chosen blank human serum samples, and speci-
ficity tested with commonly used drugs found in patients treated with IFX.
Cetuximab was  included do to similarities of the variable light chain with IFX.

% Signal in relation
to LLOQ signal

% Signal in relation
to IS signal

Selectivity Human serum sample 1 1.84 0.42
Human serum sample 2 1.07 0.21
Human serum sample 3 0.15 0.28
Human serum sample 4 1.63 0.13
Human serum sample 5 0.15 0.09
Human serum sample 6 1.66 0.27

Specificity Adalimumab 0.49 0.29
Etanercept 5.73 0.21
Azathioprine 3.40 0.13
Cetuximab 1.78 0.27

Table 4
Accuracy and precision validation data for QC’s at LLOQ, Low, Medium and High lev-
els. Within-run data were based on 5 replicates and between-run data on 3 different
days.

QC Precision (% CV) Accuracy (% bias)

Within- run Between-run Overall Overall

LLOQ 10.4 7.7 13 0.1

Low 5.5 7.5 9.4 0.5
Med  5.4 3.1 6.2 −5.7
High 5.2 3.6 6.4 −8.1

can be seen all obtained signal ratios fall well within the tolerance
of 20% of LLOQ and 5% of IS signal. Carry-over peak signals were
also below 20% of LLOQ for IFX and below 5% of IS signal (Fig. 6).
Within-run and between-run accuracy and precision all were
within acceptance criteria of <15% of the nominal concentration
and 15% CV, respectively (Table 4).

The% CV of IS-normalized MF  calculated over the 6 blank human
serum samples for QC low and QC high were 7.2% and 6.6% respec-
tively, indicating a slight ionization enhancement but falls within
the acceptance criteria of 15%. Freeze and thaw stabilities for QC
low and QC high over two  days were within acceptance criteria
(<15% nominal concentration).

4. Conclusion

A target-based pre-analytical sample purification for the quan-
tification of active form of IFX in human serum was  developed.
Critical parameters such as the selection of signature peptide, buffer
type and strength and the capacity of streptavidin coated 96 well
plate were carefully evaluated and optimized. The method was  val-
idated according to the latest EMA  guidelines and was  found to be
sensitive with LLOQ of 0.5 �g/mL while utilizing only 2 �L serum
sample. The latter can mainly be attributed to the selective inter-
actions of the proposed sample purification in combination with a
highly sensitive mass spectrometer. Within-run and between run
accuracy and precision were all within acceptance criteria. The
use of stable isotopic labeled IFX bio-similar as internal standard
ensured corrections for loss during sample purification, digestion
and LC–MS/MS analysis. The method is easy to perform, robust and
can provide a high sample throughput due to the use of the 96 well
plate format. Furthermore, due to the low sample volume required
for the test, lower amounts of internal standard (10 ng) and biotiny-
lated TNF-� (0.25 �g) were needed, reducing the cost of the analysis
significantly. The method showed a strong correlation with the ref-
erence ELISA and the accuracy found to be in line with previously
published ELISA results.
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