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ABSTRACT

Due to the increasing number of therapeutic monoclonal antibodies (mAbs) used in the clinic, there is an
increasing need for robust analytical methods to quantify total mAb concentrations in human plasma
for clinical studies and therapeutic drug monitoring. We developed an easy, rapid, and robust sam-
ple preparation method for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. The
method was validated for infliximab (IFX), rituximab (RTX), cetuximab (CTX), dupilumab (DPL), dinutux-
imab (DNX), vedolizumab (VDZ), and emicizumab (EMZ). Saturated ammonium sulfate (AS) was used to
precipitate immunoglobulins in human plasma. After centrifugation, supernatant containing albumin was
decanted, and the precipitated immunoglobulin fraction was re-dissolved in buffer containing 6M guani-
dine. This fraction was then completely denatured, reduced, alkylated, and trypsin digested. Finally, sig-
nature peptides from the seven mAbs were simultaneously quantified on LC-MS/MS together with their
internal standards stable isotopically labeled peptide counterparts. The linear dynamic ranges (1 - 512
mg/L) of IFX, CTX, RTX, and EMZ showed excellent (R2 > 0.999) linearity and those of DPL, DNX, and
VDZ showed good (R2 > 0.995) linearity. The method was validated in accordance with the EMA guide-
lines. EDTA plasma, sodium citrate plasma, heparin plasma, and serum yielded similar results. Prepared
samples were stable at room temperature (20°C) and at 5°C for 3 days, and showed no decline in con-
centration for all tested mAbs. This described method, which has the advantage of an easy, rapid, and
robust pre-analytical sample preparation, can be used as a template to quantify other mAbs in human
plasma or serum.
© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

and approval [4, 5]. Post approval, phase 4 trials are conducted
to study the drug in clinical practice and to study the long-term

Approximately 40% of newly FDA-approved drugs in the last
three years were therapeutic monoclonal antibodies (mAbs). This
percentage has steadily increased in the past decades and proba-
bly this trend will continue in the nearby future [1-3]. The inves-
tigation of the pharmacokinetics of mAbs during preclinical stud-
ies and clinical trials is an essential part of drug development
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risks and benefits. To study pharmacokinetic properties and drug
exposure, bioanalytical methods are required for the quantification
of mAbs in biological matrices. This is especially important since
these large biomolecules are capable of inducing an immune re-
sponse in patients, triggering the generation of anti-drug antibod-
ies (ADA) which can ultimately lead to treatment failure due to low
drug exposure.

Traditionally, ligand binding assays, such as ELISA, which rely
on immunoaffinity interaction with antibodies, have been used for
this purpose. However, the development of these antibodies, with
high avidity and specificity towards the therapeutic protein, can
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be time consuming [6-9]. In addition, ELISA methods can suffer
from aspecific binding of patient IgG to the solid-phase, increas-
ing background and decreasing sensitivity. Quantifying mAbs with
liquid chromatography coupled to tandem mass spectrometry (LC-
MS/MS) is an attractive alternative for the conventional ELISA ap-
proach, since it does not have these limitations [10-13]. Further-
more, LC-MS/MS possesses notable advantages over several other
technologies, such as a faster method development, multiplexing
ability, a wider linear dynamic range, and higher selectivity [14-
17]. However, it can be challenging to select an appropriate and
feasible sample preparation method for quantification of the tar-
get mAb with LC-MS/MS. Targeted sample preparation, using im-
munoaffinity enrichment to pull down the therapeutic mAb with a
fixed anti-idiotypic- antibody or ligand, can attain a higher sensi-
tivity but, like ELISA, relies on specific ligands and antibodies [15,
18-21]. Furthermore, while these methods measure the free thera-
peutic antibody fraction, quantification of the total therapeutic an-
tibody, next to the free fraction, could provide insight into the lev-
els of anti-drug antibody interactions and/or ligand-antibody inter-
actions [6].

There are numerous sample preparation methods available to
measure the total antibody fraction. Preparation methods on the
basis of FC-pull down, using Protein A/G or anti-FC antibodies,
have been used in the past and showed low detection limits
in controlled animal studies [22-28]. Unfortunately, the sensitiv-
ity in patients may vary depending on the level of endogenous
immunoglobulins (IgG), possibly due to competition between en-
dogenous IgG and the therapeutic antibody for the binding sites
[11]. Pellet digestion with methanol precipitation has also found
widespread use, since it does not suffer from the capacity issues
that are mentioned above [9, 29-35]. However, methanol does not
remove albumin efficiently [36, 37]. Also, after centrifugation, the
pellet is hard to re-dissolve in buffer solution for subsequent re-
duction and alkylation, which leads to suboptimal reaction condi-
tions. One study shows that ammonium sulfate (AS) may assure ef-
ficient albumin removal without denaturing the mAb fraction [38].
This would allow for faster dissolution of the pellet in buffer which
is ideal for thorough reduction and alkylation which ultimately
would facilitate efficient digestion of the immunoglobulin fraction.

The purpose of this study was to develop and to validate an LC-
MS/MS method for the simultaneous quantification of infliximab
(IFX), rituximab (RTX), cetuximab (CTX), dupilumab (DPL), dinu-
tuximab (DNX), vedolizumab (VDZ), and emicizumab (EMZ) in hu-
man plasma to support Therapeutic Drug Monitoring (TDM) and
phase 4 clinical studies and to show the universal applicability of
this generic sample preparation method for LC-MS/MS determina-
tion of mAbs.

2. Materials and methods
2.1. Chemicals and reagents

IFX (Remicade®) 10 mg/mL was obtained from Johnson and
Johnson (N], United States), RTX (MabThera®) 10 mg/mL and
EMZ (Hemlibra®) 150 mg/mL from Roche (Bazel, Zwitserland),
CTX (Erbitux®) 5 mg/mL from Merck (Darmstadt, Germany),
DPL (Dupixent®) 150 mg/mL from Senofi Genzyme (MA, United
States), DNX (Isquette®) 4.5 mg/mL from Rentschler Biotech-
nologie GmbH (Laupheim, Germany), VDZ (Entyvio®) 60 mg/mL
from Takeda (Tokio, Japan). Internal standard (IS) stable isotopi-
cally labeled (SIL) peptides (*) (RTX; ASGYTFTSYNMHWVK*), (CTX;
YASESISGIPSR*), (DPL; LSITIRPR*), (DTX; SSSTAYMHLK*), (VDZ;
LEWIGEIDPSESNTNYNQK*), and (EMZ; SGGSIYNEEFQDR*) were ob-
tained from Pepscan Presto BV (Lelystad, The Netherlands). IFX
containing SIL arginine and lysine was obtained from promise ad-
vanced proteomics (Grenoble, France). TPCK-Trypsin was supplied
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by Thermo Scientific as a lyophilized powder and was dissolved in
acetic acid (50 mM) to a concentration of 10 pg/uL, aliquoted in
Eppendorf LoBind Microcentrifuge tubes and stored at -80°C. All
other chemicals, reagents, and LC-MS grade mobile phase solvents
were obtained from Sigma-Aldrich (Saint Louis, MO).

2.2. Preparation of standards, internal standard and QCs

A mixed working standard solution of IFX 128 mg/L, CTX 256
mg/L, RTX 512 mg/L, DNX 128 mg/L, DPL 256 mg/L, VDZ 128
mg/L, and EMZ 512 mg/L was prepared in pulled human plasma
from healthy volunteers. This was then serially diluted with hu-
man plasma to obtain the following calibration standards for IFX,
DNX, and VDZ (128 - 64 - 32 - 16 - 8 - 4 - 2 - 1 mg/L), for CTX
and DPL (256 - 128 - 64 - 32 - 16 - 8 - 4 - 2 mg/L), and for RTX
and EMZ (512 - 256 - 128 - 64 - 32 - 16 - 8 - 4 mg/L).

SIL peptide IS were diluted to 0.5 mg/L and SIL IFX IS to 10
mg/L in TRIS buffer pH 8.5, 50 mM containing 0.5% octyl gluco-
side (OG). Quality Control samples (QCs) were prepared in pooled
plasma from a separate batch, at the lower limit of quantification
(LLOQ) of 1 mg/L for IFX, DNX and VDZ, 2 mg/L for CTX and DPL,
and 4 mg/L for RTX and EMZ. QC Low was 2.5 mg/L for IFX, DNX,
and VDZ, 5 mg/L for CTX and DPL, and 10 mg/L for RTX and EMZ.
QC Med was 50 mg/L for IFX, DNX, and VDZ, 100 mg/L for CTX
and DPL, and 200 mg/L for RTX and EMZ. QC High was 100 mg/L
for IFX, DNX, and VDZ, 200 mg/L for CTX and DPL, and 400 mg/L
for RTX and EMZ. Aliquots of calibration standards and QC’s were
stored at -80°C in Lobind® Eppendorf tubes.

2.3. Instrumentation and chromatographic conditions

Sample reduction and digestion were performed on an Eppen-
dorf® ThermoMixer C. All experiments were performed on an Van-
quish UHPLC coupled to a TSQ Altis (Thermo Fisher, Waltham,
MA, USA). The analytical column was Acclaim®, RSLC 120, C18,
2.1 x 100 mm, 2.2 um particle size obtained from Thermo Fisher
and was maintained at 50°C. The mobile phases were: (A) 0.1%
formic acid in water; and (B) 0.1% formic acid in acetonitrile. The
LC gradients in minutes per percentage of mobile phase B were
0.0 (min)/5 (%B), 9.0/35, 9.1/100, 11.0/100, 11.1/5, and 13/5. The
flow rate was 0.5 ml/min and the running time was 10.5 min. The
MS was operated in positive mode with spray voltage of 3.0 kV,
ion transfer tube temperature 350°C, vaporizer temperature 300°C,
aux gas pressure 15 Arb, sheath gas pressure 50 Arb, and collision
gas pressure 2.5 mTorr. The precursor ions, product ions, Radio fre-
quency (RF) lens, and collision energy settings are listed in Table 1.

2.4. Method development

The amino acid sequences of the therapeutic mAbs were from
the Immunogenetics Information system® (http://www.imgt.org/).
The variable light and heavy chains were digested in silico using
Skyline® software from the University of Washington. Sequences
of stable peptides with a length of 6 to 20 amino acids were com-
pared with human genomic sequences using the basic local align-
ment search tool for proteins (Blastp®) (https://blast.ncbi.nlm.nih.
gov). Peptides with sequences that did not match with any known
human sequence were selected as potential signature peptide can-
didates and were optimized for LC separation. SRM transition, col-
lision energy, and RF lens settings were optimized using Skyline®.
Peptides chosen as quantifiers were required to be between 6 to
20 amino acids long, to allow for sufficient chromatographic reten-
tion, should have a high signal to noise ratio (S/N) to allow for sen-
sitive detection and should contain stable amino acids, free of cys-
teine (C) or asparagine followed by glycine (NG). Finally, the signa-
ture peptides should not contain double arginine (RR) and double
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Table 1
TSQ Altis SRM transitions and settings for the signature tryptic peptides quantifiers, qualifiers and their SIL internal standard (IS).
Component Type Precursor Precursor Product Product CE? RF b
[m/z] [m/z] fragment

DTX Quantifier SSSTAYMHLK 375.518 475.742 Y8 10.6 53
IS SSSTAYMHLK* 378.1897 479.7489 Y8 10.6 53
Qualifier SLEWIGAIDPYYGGTSYNQK 1131.54 1277.58 Y11 31.7 190

IFX Quantifier SINSATHYAESVK 469.568 603.791 Y11 12.4 56
IS SINSATHYAESVK* 472.24 607.798 Y11 12.4 56
Qualifier YASESMSGIPSR 642.798 1050.488 Y10 222 93
IS YASESMSGIPSR* 647.802 1060.4967 Y10 222 93

CTX Quantifier YASESISGIPSR 633.8199 359.2037 Y3 17.8 84
IS YASESISGIPSR* 638.8240 369.2120 Y3 17.8 84
Qualifier ASQSIGTNIHWYQQR 596.964 651.8205 Y10 14.1 94

EMZ Quantifier SGGSIYNEEFQDR 751.331 1100.464 Y8 23.8 110
IS SGGSIYNEEFQDR* 756.3355 1110.4726 Y8 23.8 110
Qualifier QAPGQGLEWMGDINTR 886.9229 787.3750 Y14 26.4 124

DPL Quantifier LSITIRPR 319.206 421.76 Y7 12 51
IS LSITIRPR* 322.54 426.77 Y7 12 51
Qualifier DYAMTWVR 521.245 763.392 Y6 15 64

VDZ Quantifier LEWIGEIDPSESNTNYNQK 1119.022 1281.5706 Y11 343 195
IS LEWIGEIDPSESNTNYNQK* 1123.0286 1289.5848 Y11 343 195
Qualifier LEWIGEIDPSESNTNYNQK 1119.022 429.2132 B3 37 195
IS LEWIGEIDPSESNTNYNQK* 1123.0286 429.2132 B3 37 195

RTX Quantifier ASGYTFTSYNMHWVK 597.944 817.377 Y13 15 69
IS ASGYTFTSYNMHWVK* 600.615 821.384 Y13 15 69
Qualifier GLEWIGATYPGNGDTSYNQK 1092.0238 1180.523 Y11 314 185

2 CE: Collision energy

b RF: Radio frequency lens
K*: Lys (13C6,15N2)

R*: Arg (13C6,15N4)

[FX= Infliximab, CTX = Cetuximab, RTX = Rituximab, DNX = Dinutuximab, DPL = Dupilumab, VDZ = Vedolizumab and EMZ = Emicizumab

lysine (KK), which are sensitive to miss cleavages. Peptides with
lower S/N were chosen as qualifiers. They are used to verify that
the analyte is indeed present in the sample, since there is a smaller
chance of matrix interfering in two different SRM transitions from
two different peptides. An in-house developed sample prepara-
tion method [39] was chosen as a template method and condi-
tions were re-evaluated and further optimized. Sampling tubes,
AS precipitation concentration, denaturation and trypsin digestion
were optimized to allow for the quantification of other therapeu-
tic mAbs. The methanol precipitation step, showed a high recov-
ery between a wide methanol concentration range 50-80% [39] and
was therefore not re-evaluated in this study. The method also uti-
lizes SIL IFX as IS which has a double purpose in this method.
First, it was used to correct for variation for IFX samples and cali-
bration standards during sample preparation and second, to check
for possible IgG pellet loss which could occur during decanting of
the supernatant layer in both the AS and MeOH precipitation steps.
The remaining IS solutions were chosen as SIL peptides since these
were easy to synthesis and have low costs.

2.5. Sample preparation for LC-MS/MS analysis

In a Lobind® 1 mL 96-well plate, 10 pL (sample, standard, or
QC) and 10 pL SIL IFX (10 mg/L) was added following 80 pL TRIS
(50mM, pH 8, 0.5% OG). Then, 100 pL AS (saturated) was added to
each sample followed by 1 minute mixing on a ThermoMixer at
1350 RPM. The 96 well plate was centrifuged at 4000 G for 5 min-
utes. The supernatant containing albumin was decanted and the
pellet containing IgG was redissolved in 50 pL of TRIS buffer (100
mM, pH 8.5) containing 6M guanidine and 20 mM DTT. Then, the
plate was placed in a ThermoMixer at 60°C and 1000 RPM for 30
minutes to dissolve, reduce, and denature the IgG. Samples were
alkylated by adding 20 pL iodoacetamide (IAA) (100 mM dissolved
in ultrapure water) and placed on a ThermoMixer at 37°C for 30
minutes in the dark. Then, 150 pL ultrapure water was added and
mixed for 1 minute to dissolve and ultimately wash away the

guanidine and IAA that otherwise would interfere with tryptic di-
gestion. After mixing, methanol was added to precipitate the IgG
fraction once again and the well plate was centrifuged at 4000 G
for 5 minutes. The supernatant containing guanidine and IAA was
decanted. Then, 90 pL mixed IS SIL peptide solution (0.5 mg/L) was
added, followed by 10 pL Trypsin (2 pg/uL) and the samples were
placed on the ThermoMixer for overnight digestion (15h) at 37°C
and 1000 RPM. Trypsin activity was stopped by adding 20 pL 10%
formic acid in acetonitrile. Finally, 10 uL was injected on the LC-
MS/MS.

2.6. Ammonium sulfate precipitation

The effect of AS concentration, within the range 35.5-54.5%, was
examined in relation to the signature peptides signal intensity. QC
high was diluted 10 times in human plasma, thereafter 10 pL was
pipetted 15 times in a 1 mL LoBind® deep well plate. Then, 90uL
Tris (pH 8, 0.5% OG) was added and mixed, followed by the ad-
dition of 55 (35.5%), 65 (39.4%), 80 (44.4%), 100 (50%), and 120 pL
(54.5%) saturated AS in triplicates. Samples were subsequently pre-
pared and analyzed following the procedure described above. Rel-
ative recovery was calculated for each component at various AS
concentrations, by dividing the signal obtained at a specific con-
centration by the highest signal, then multiplying by 100%. This al-
lowed for all components to be visibly plotted in one graph.

2.7. Sample preparation

The widely used methanol (MeOH) pellet digestion method was
compared to AS and guanidine sample preparation to show the
added value of presented method. The reference method used
for comparison was from Hao Jiang et al [29] and was modified
slightly to make a fair comparison possible. A mixed standard con-
taining 100 mg/L of each therapeutic mAb was processed in five-
fold according to the sample preparation described above and ac-
cording to the MeOH pellet digestion described by Hao Jiang et al.
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The MeOH pellet digestion principle was as followed. 10 pL mixed
standard was pipetted in fivefold in 1.5 mL Lobind® Eppendorf
tubes. A pellet was achieved by adding 40 pl MeOH and vortexing
at 2000 rpm for 2 minutes. Samples were centrifuged at 200g for
2 minutes and the supernatant was removed by careful pipetting.
Then, 90 pL mixed IS SIL peptide solution (0.5 mg/L) was added
and mixed at 2000 rpm for 2 minutes. Samples were reduced by
adding 5 pL 100mM DTT at 60°C for 60 minutes and alkylated with
10 pL IAA 100 mM at 30°C for 30 minutes both at 1000 rpm. Fi-
nally, 10 pL Trypsin (2 pg/uL) was added and the samples were
placed on the ThermoMixer for overnight digestion (15h) at 37°C
and 1000 RPM.

2.8. Denaturation

Previously, 0.5% sodium dodecyl sulfate (SDS) was used to de-
nature the IgG fraction to optimize reduction and alkylation [39].
In this study, 6M guanidine, a potent chaotropic agent, was com-
pared to 0.5% SDS to determine whether an improved signal inten-
sity could be obtained. A mixed standard was used containing 100
mg/L of each therapeutic mAb. Samples were prepared following
the procedure described above, with the exception of the denatu-
ration and reduction step which was performed with 50 pL TRIS
(100 mM, pH 8.5, 6M guanidine, 20 mM DTT) in triplicate or with
50 pL TRIS (100 mM, pH 8.5, 0.5% SDS, 20 mM DTT) in triplicate,
respectively. Relative recovery was calculated as previously men-
tioned in the AS precipitation procedure.

2.9. Trypsin digestion

Overnight (15h) digestion efficiency of the 7 therapeutic mAbs
was examined in relation to the trypsin concentration that was
used. QC high was diluted 10 times in human plasma, thereafter
10 pL was pipetted 15 times in a 1 mL LoBind® deep well plate.
The samples were prepared as described in the sample prepara-
tion section above, with the exception of the trypsin digestion step.
Here, 10 pL of varying trypsin concentration (0.25 - 0.5 - 1.0 - 2.0
- 4.0 pg/uL) was used in triplicate. This equals a protein to enzyme
(P:E) ratio of 128 - 8, considering plasma can contain as much as
80 pg/uL protein of which 40% are globulins [40].

2.10. Sampling condition

Five different blood collection vacuum tubes were tested to
determine whether anticoagulation additives and/or gels had a
negative effect on trypsin digestion and/or MS measurements.
Blood from a healthy volunteer, collected in various tubes, namely
sodium citrate, EDTA, heparin, plain tube, and plain tube with gel,
were spiked at a QC high level. After 1 hour, the blood samples
were centrifuged at 4000 G for 5 minutes and plasma or serum
was transferred to a polypropylene tube. The spiked samples were
analyzed according to the sample preparation procedure described
above, and the results were assessed with an univariate ANOVA
test using Excel 2016 data analysis.

2.11. Method validation

The analytical method was validated in accordance with the
EMA guideline for bioanalytical method validation [41]. Method
performance was evaluated for linearity, LLOQ, selectivity, carry-
over, matrix effect, within-run and between-run accuracy and pre-
cision. Stability testing was performed with QC low and high
(n=5). Freeze and thaw stability was evaluated for 3 freeze (-80°C)
and thaw cycles of 24 hours each. Stability at room temperature
(20°C) and 5°C was tested during 3 days. Autosampler stability was
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tested by reinjecting the QC low and high after 4 days in the au-
tosampler at 10°C. Within-run and between-run accuracy and pre-
cision were tested for QC LLOQ, low, med, and high, during 3 days
in fivefold. Selectivity was evaluated by analyzing 10 blank human
plasma samples. Peaks eluting at the retention time of the signa-
ture peptides were integrated and the signal intensity was divided
by the LLOQ signal of the respective peaks. Matrix effect was tested
by spiking 10 blank human plasma samples at QC low and high
level.

2.12. Cross-validation

Vedolizumab EDTA plasma samples, that were collected for
therapeutic drug monitoring from our patients as part of their
treatment plan, were partitioned in two. One portion was send to
an external laboratory where the concentration vedolizumab was
quantified using enzyme linked immunosorbent assay (ELISA). The
other portion was quantified with the validated LC-MS/MS method.
The results from the 22 samples tested with both methods, ranging
from 9 to 63 mg/L, were compared using simple linear regression
and Bland-Altman with software GraphPad.

3. Results and discussion
3.1. Ammonium sulfate precipitation

The effect of different AS concentrations was examined in rela-
tion to the relative recovery of the mAbs. This was done to deter-
mine the AS amount that was needed for optimum precipitation.
DNX requiring between 39.4 and 44.4% saturated AS was in line
with our previous finding where 41.2% saturated AS sufficed [39].
For the majority of the therapeutic mAbs, at least 45% saturated
AS was required to reach a maximum recovery. EMZ and DPL were
the only exceptions, requiring 50% saturated AS (Fig. 1). Since gen-
eral properties such as molecular weight are comparable, differ-
ences in the ease of precipitation may be explained by differences
in comprising amino acids which ultimately determine the isoelec-
tric point (pI) of the protein. AS precipitation was performed at
pH 8.5. The mAbs with theoretical pl values close to this pH value
have lower solubility and precipitate easier, as their net charge is
close to 0. mAbs with lower pl values, such as EMZ with pl 6.44
and DPL with pl 6.74, have higher solubility and precipitate only at
higher ammonium sulfate concentration due to the higher number
of surface charges. Infliximab with pI 7.5, RTX pl 8.19, DNX pI 8.05,
CTX pl 7.68, and VDZ pl 7.55 have, in contrast to EMZ and DPL, a pl
closer to the pH of the buffer solution and, therefore, precipitate at
a lower AS concentration. At 50% saturated ammonium sulfate, the
albumin fraction remained soluble conform our previous finding.

3.2. Sample preparation

A comparison in sample preparation was made between the
proposed method described in section 2.5 and the widely used
MeOH pellet digestion (section 2.7). Here, similar samples, inter-
nal standard, and trypsin volumes were used for both methods
to allow for a fair comparison. The AS derived pellet was much
smaller compared to the MeOH pellet providing a favorable pro-
tein to enzyme (P:E) ratio. Furthermore, the MeOH prepared sam-
ples were still opaque in color which is an indication of incom-
plete digestion. Finally, in contrast to MeOH pellet digestion, the
AS method incorporates a washing step prior to digestion which
eliminates salts that can reduce trypsin activity. These factors lead
to suboptimal digestion in the MeOH prepared samples as can be
seen in Fig. 2. The VDZ signature peptide LEWIGEIDPSESNTNYNQK,
containing four acidic groups is most affected. This could be due
to a combination of factors. First, in contrast to guanidine-ions,
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Fig. 1. The effect of ammonium sulfate (AS) concentration on the relative recovery of 7 therapeutic monoclonal antibodies (mAbs). Each data point on the graph consists of
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methanol is unable to efficiently disturb internal ionic interactions,
which could lead to shielding from trypsin digestion. Furthermore,
the overall negatively charge peptide, attract trypsin to a lesser ex-
tent resulting in a lower digestion efficiency. This is especially im-
portant since the MeOH pellet was much larger in size. CTX sig-
nature peptide YASESISGIPSR is highly hydrophilic and shows sim-
ilar recovery between the two sample preparation methods. These
hydrophilic groups form weak hydrogen bonds which can easily
be broken. Overall, AS in combination with guanidine 6M, and a
washing step prior to digestion, showed superior digestion recov-
eries. The relative signal intensity was on average twice as high
with the AS method compared to the widely used MeOH pellet di-
gestion method.

3.3. Denaturation

In contrast to urea, guanidine does not dissociate upon heating.
This spares the protein from unwanted side reactions, such as car-
bamylation adduct reactions that are common with urea reagents.
The utilization of guanidine as a substitute for SDS was examined
and results showed that for most therapeutic mAbs significantly
higher signals were obtained when using guanidine (Fig. 3). IFX

and CTX quantifier peptides had similar recoveries in both guani-
dine and SDS which shows that these peptides are presumably eas-
ily accessible by trypsin. Since a stable isotopically labeled IS was
used to correct for ionization suppression, the signal gain was due
to efficient digestion and not ionization differences between 0.5%
SDS or 6M guanidine. Possible explanations are that 0.5% SDS is
not as efficient in unfolding and solubilizing the therapeutic mAbs.
SDS forms negatively charged SDS-protein complexes, and it re-
duces the interactions between hydrophobic regions of proteins.
Guanidine ions cover hydrophobic surfaces with higher efficiency
due to their small size and as chaotropic agent disrupts hydro-
gen bonds between water molecules around the hydrophobic re-
gions of protein, hereby decreasing the internal hydrophobic in-
teraction. SDS in contrast, is less effective in disturbing the hy-
drogen bond network between water molecules around protein.
Furthermore, SDS molecules with their long hydrophobic tails are
less effective in reaching all hydrophobic regions. This was es-
pecially evident in hydrophobic signature peptides such as DNX
SSSTAYMHLK and RTX ASGYTFTSYNMHWVK where the internal hy-
drophobic bonds were not efficiently disrupted by SDS leading to
inefficient digestion. Furthermore, remnant SDS in the sample so-
lution influences chromatographic retention causing unpredictable
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retention times, which is highly undesirable especially when tar-
geting multiple components.

3.4. Trypsin digestion

The AS sample preparation method precipitates both endoge-
nous and therapeutic mAbs. The obtained protein pellet needs to
be efficiently and reliably digested in order to achieve a high ac-
curacy and precision. The sample preparation method produces
a large pellet of approximately 320 pg IgG which was found to
require overnight digestion. A varying trypsin concentration was
tested to determine the optimum concentration for maximum re-
covery of the mAbs. At the addition of 10 pL (1 pg/pL) trypsin,
all mAbs except DNX (SSSTAYMHLK peptide) were completely di-
gested (Fig. 4). The differences in ease of digestion is partly due to
the accessibility of the signature peptide to trypsin, which can be
limited due to protein folding and possibly partially due to neigh-
boring amino acids. One of the flanking amino acids for the DNX
signature peptide (DKSSSTAYMHLKS) was aspartic acid, which is
negatively charged at pH 8.5. This negative charge could partially
neutralize the positive charge of lysine, which would cause trypsin
to be less attracted to the peptide. Nonetheless, at 2 pg/uL trypsin,

representing a P:E ratio of 16, a plateau was reached for all thera-
peutic mAbs.

3.5. Sampling conditions

In this experiment, the effect of 5 different blood collection vac-
uum tubes on the relative recovery of the mAbs was examined. All
collection tubes showed a similar relative recovery with an aver-
age CV of only 5.8% between different analytes. (Fig. 5). Univari-
ate ANOVA test provided a P value of 0.17 which indicates that
there was no significant difference in relative recovery of the mAbs
in plasma and/or serum obtained from different sampling tubes.
EDTA or sodium citrate, which are present in plasma collection
tubes, binds to calcium ions thus inhibiting coagulation and could
interfere with digestion, since calcium protects trypsin from au-
tolysis. However, these small molecules are eliminated in the AS
precipitation step, therefore plain tubes and tubes with additives
show similar relative recoveries indicating that these additives do
not interfere with digestion. Heparin, a known serine protease in-
hibitor might also inhibit trypsin activity, however due to its high
solubility, heparin is presumably eliminated during the AS precipi-
tation step and showed no influence on digestion. Furthermore, the
use of gel tubes which could bind or limit the passage of IgG was
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Fig. 6. SRM transitions of quantifier peptides for LLOQ, Blk and internal standard (IS) for 7 therapeutic monoclonal antibodies. Bottom right graph represents SRM transitions
of the qualifier peptides, from top to bottom DNX, IFX, CTX, EMZ, DPL, VDZ and RTX.

also investigated and no significant influence on the recovery was
observed, which shows that the tested therapeutic mAbs did not

bind to this medium.

3.6. Method validation

The analytical method was validated in accordance with the
EMA guideline for bioanalytical method validation. The within-run
and between-run precision, expressed as relative standard devi-
ation (RSD) for QC Low, Med and High, was for all components
<10%, which was in agreement with the requirements of the EMA
guideline of 15% (Table 2). Accuracy, expressed in percent bias was

also in line with the guideline of <15%. The acceptance criteria for
selectivity were met, none of the blanks had a signal greater than
>20% of the LLOQ. Linearity for all components was greater than
R? >0.995 (Table 2). The LLOQ was for all components, within ac-
ceptance criteria S/N >5 (Fig. 6).

QC Low for DPL had an RSD of 18.2%, which was greater than
the EMA recommendation of RSD <15%. The use of alternative sig-
nature peptides was examined to further minimize matrix sensi-
tivity, but unfortunately all candidate peptides did not pass the se-
lectivity criteria due to interfering peaks. DPL could benefit from
the use of SIL DPL as an IS to correct for digestion differences, as
this was probably the cause of the wider RSD in spike recovery for
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Table 2
Validation summary report preformed following EMA guideline for IFX, CTX, RTX, DNX, DPL, VDZ and EMZ.
Validation parameter QC Expressed as IFX CTX RTX DNX DPL VvDZ EMZ Acceptance
Within-run precision QC LLOQ RSD [%] 23 3.1 6.3 5.8 9.9 12.1 3.7 <20
QC Low 1.9 1.6 6.8 34 7.8 6.8 2.6 <15
QC Med 1.5 1.0 4.8 3.8 8.2 2.6 2.0 <15
QC High 1.7 1.1 1.8 2.0 4.1 3.7 1.3 <15
Between-run precision QC LLOQ RSD [%] 29 2.0 0.8 4.1 55 0.0 7.8 <20
QC Low 2.0 0.0 0.0 24 1.1 0.0 2.5 <15
QC Med 6.0 3.8 3.1 3.0 1.7 3.8 34 <15
QC High 34 1.9 6.6 49 6.5 5.7 2.5 <15
Accuracy QC LLOQ Bias [%] 0 -9.4 -2.8 -4.8 -6.1 -4.5 -6.7 <20
QC Low -5.5 -11.3 -13 -7.1 -4.3 -6.7 -8.2 <15
QC Med -2.0 -4.1 3.0 -0.2 3.8 0.2 -2.3 <15
QC High -1.5 -4.2 0.7 -0.7 -1.6 -13 -14 <15
Selectivity Blk (HP) n=10 Mean relative to LLOQ [%] 2 1 2 1 0 2 2 <20
LLOQ QC LLOQ S/N 53.1 2113 79.6 119 146 10.8 54 >5 x
Linearity Standard 1 - 8 R? 0.9996 0.9998 0.9997 0.9984 0.9977 0.9989 0.9998 >0.99
Freeze and Thaw QC Low Day 3 Bias [%] -3.8 -11.5 -7.0 -12.1 -10.4 -12.5 =71 <15
QC High -3.2 -6.5 -2.4 -3.5 -3.1 -2.6 -33 <15
Stability 5°C QC Low Day 3 Bias [%] -438 -136 -42 -6.0 -85 -8.1 -6.0 <15
QC High -4.6 -9.2 -2.7 -5.0 -5.3 -5.2 -5.6 <15
Stability 20°C QC Low Day 3 Bias [%] -5.6 -11.4 -6.5 -7.7 -11.2 -4.9 -3.7 <15
QC High -4.0 -6.3 3.7 1.0 6.0 -0.1 -3.6 <15
Matrix effect spike recovery  Spike low n=10 RSD [%] 4.1 3.0 9.9 14.3 18.2 8.0 3.6 <15
Spike high n=10  RSD [%] 1.5 1.5 8.0 9.9 11.1 7.7 23 <15
Carry-over Blk after Std 8 Relative to LLOQ [%] 1 1 2 0 1 0 0 <20
HP = Human plasma
Blk = Blank
QC = Quality control
RSD = Relative standard deviation
S/N = Signal to Noise ratio
IFX= Infliximab, CTX = Cetuximab, RTX = Rituximab, DNX = Dinutuximab, DPL = Dupilumab, VDZ = Vedolizumab and EMZ = Emicizumab
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Fig. 7. Vedolizumab cross-validation showing simple linear regression (A), and Bland-Altman plot (B) with n=22.

QC Low. For this method, a higher error than desired was accepted
for DPL since no alternative methods are available. Matrix effect
for the remaining therapeutic mAbs was in concordance with the
guideline (Table 2). Freeze and thaw during 3 cycles, showed no
decrease in concentration. Furthermore, QC Low and High were
stable during 3 days at 5°C and 20°C.

3.7. Cross-validation

22 human vedolizumab EDTA plasma samples routinely ob-
tained from our patients as part of their TDM treatment plan
were analyzed on both ELISA and LC-MS/MS. Simple linear regres-
sion showed a good agreement between methods with an R2=0.87
(Fig. 7A). Bland-Altman shows a bias of 17.6% (Fig. 7B) which is in
line with previous ELISA, LC-MS/MS comparisons [21]. LC-MS/MS
results are higher compared to ELISA. This could be due to the
ability of the LC-MS/MS to measure all fractions free and total,

whereas the sandwich type ELISA assay relies on immunoaffinity
interaction between the two free paratopes on vedolizumab. Both
paratopes are required for measurement, one paratope is used for
binding vedolizumab to the 96 well plate and the other to the de-
tecting antibody. Since vedolizumab with only one free paratope is
not measured with ELISA, the assay potentially underestimates the
concentration of active vedolizumab.

4. Conclusion

A generic sample preparation method was developed to simul-
taneously quantitate 7 therapeutic mAbs (INF, RTX, CTX, DPL, DNX,
VDZ, EMZ) in human plasma. AS precipitation, denaturation and
trypsin digestion steps were optimized before analytical method
validation. The use of 50% saturated AS provided maximum recov-
ery for all examined mAbs, and digestion efficiency was greatly im-
proved by using 6M guanidine as a protein solvent and denaturant.
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The method uses readily available reagents and consumables
and has a fast and easy sample preparation. Furthermore, SIL pep-
tides were used as IS, instead of SIL mAbs which are often com-
mercially unavailable for most therapeutic mAbs.

The AS derived pellet was much smaller than the methanol pel-
let and is thus able to removed more plasma proteins that oth-
erwise could interfere with digestion, chromatographic separation
or ionization. Furthermore, in contrast to methanol precipitation,
the AS pellet is easily dissolved in buffer, which allows for faster
centrifugation speeds to be used and making decanting of the
supernatant possible. Due to the complete protein unfolding and
solubilization with guanidine, reduction and alkylation steps are
efficiently performed allowing improved trypsin digestion and a
higher recovery.

The method was validated in accordance with the EMA guide-
lines and all acceptance criteria were met. Only DPL showed to
have a higher (18.2%) than acceptable (<15%) RSD for the matrix
effect for the low concentration. However, overall the method per-
formed extremely well. The mAbs were stable at both 5°C and 20°C
for 3 days. Five different blood sampling vacuum tubes were ex-
amined and all showed to provide the same result. The method is
suitable for use in clinical studies and for TDM and can in time be
expanded with other therapeutic mAbs.
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