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peptide was used as a representative of infliximab which 
was cleaved for the quantification of infliximab based on 
LC–MS/MS assay. A stable isotope-labeled signature pep-
tide was used as the internal standard (IS). The results 
showed linearity in the range of 0.39–100  μg  mL−1; the 
lower limit of quantification (LLOQ), and the lower limit 
of detection were 0.39 and 0.0975 μg mL−1, respectively. 
The quality control (QC) data showed that the within-run, 
between-run precision (%RSD) and accuracy (%RE) con-
formed to the acceptance criteria of ±15 % for calibration 
standards and QCs (±20 % at the LLOQ). Other validation 
parameters including selectivity, methanol precipitation 
efficiency, serum matrix effect, stability, and auto-sampler 
carry-over were also evaluated. This improved LC–MS/MS 
method might be a promising LC–MS-based methodology 
for pharmacokinetic studies of other recombinant monoclo-
nal antibodies.

Keywords  LC–MS/MS · Quantitation of infliximab · 
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Introduction

Inflammatory disease is a great threat to human health, and 
tumor necrosis factor alpha (TNF-α) plays a critical role in 
the development of a variety of inflammatory diseases [1]. 
The TNF-α inhibitor has now become a dominant therapeu-
tic drug for the current treatment of various inflammatory 
diseases. Infliximab, as the first FDA approved anti-TNF-α 
antibody, has been clinically used since the mid-1990s [2, 
3]. It is a chimeric monoclonal antibody with murine vari-
able regions and human constant regions, and its molecular 
weight is about 149  kDa [4]. Studies showed that inflixi-
mab displayed a good effect on patients with active Crohn’s 
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Disease, Pediatric Crohn’s Disease, Ulcerative Colitis, 
Pediatric Ulcerative Colitis, Rheumatoid Arthritis, Anky-
losing Spondylitis, Psoriatic Arthritis, Plaque Psoriasis, and 
Pouchitis [5–14]. Besides, it was proved that the treatment 
of infliximab was safe and well tolerated in patients who 
had advanced cancer [15].

However, there are still some problems with the inflixi-
mab therapy. Different patients exhibited different clinical 
responses following initiation of infliximab therapies, and 
there is compelling evidence that many patients failed to 
respond to this kind of anti-TNF-α therapy because of the 
inadequate drug level in blood or the formation of anti-
drug antibodies [7, 16–18]. Therefore, accurate monitor-
ing of serum infliximab drug and anti-drug antibody levels 
has great significance to these therapies. First, the meas-
urement of infliximab through concentration may be use-
ful for individual dosage adjustment and can contribute to 
the modifying of therapeutic decision for patients. Second, 
therapeutic drug monitoring of infliximab in patients would 
improve the control of disease activity [19]. In addition, it 
conformed to the development of the therapeutic drug mon-
itoring (TDM). TDM is a new branch of medicine formed 
in the past 20 years, which focused on quantitatively ana-
lyzing concentrations of drugs and metabolites for biologi-
cal sample (including Blood, urine, saliva, and so on) and 
exploring the safety margin of blood drug concentration 
through a variety of modern testing methods; furthermore, 
it can also calculate the optimal dose and dosing intervals 
by applying various drug dynamics method to achieve indi-
vidualized dosing regimen, more safe, effective, and eco-
nomical drug use [20].

In the process of preclinical and clinical pharmacoki-
netic studies, immunoassays have been chosen as the ana-
lytical technique for quantifying proteins in biological flu-
ids, such as ELISA (enzyme-linked immune-sorbent assay) 
[21] and RIA [22]. Stable isotope standards and capture 
by anti-peptide antibodies (SISCAPA) approach, similarly 
to ELISA, are another strategy for quantifying antibodies 
that combines stable isotope standards and were captured 
by anti-peptide antibodies [23]. In addition, ELC [24] and 
HMSA [25] approaches have also been used for detect-
ing the antibody concentration in serum. Although these 
techniques have shown great utility, they still have several 
known flaws including poor concordance between assays 
and interferences [26–28]. For example, ELISA is most 
widely used for serum concentrations determination for its 
exceptional sensitivity and high throughput. However, this 
kind of antibody-based method suffers from some issues, 
such as insufficient dynamic range, finite detection limit, 
cross-reactivity, long development time, and high variabil-
ity [29–31]. As a result, it does not meet the requirement 
for modern TDM and pharmacokinetic studies. Therefore, 
it is necessary to develop a more rapid and accurate method 

for the determination of blood drug concentration in phar-
macokinetic study of antibody drugs.

The LC–MS/MS-based techniques, which are consid-
ered as the “gold standard” for small molecule drugs and 
biomarkers in the pharmaceutical industry, are recently 
gaining increasing interest in the detection of large molec-
ular drugs from complicated biological matrices due to 
their unique advantages over traditional immune-analytical 
methods, such as rapid assay development, high selectivity, 
good accuracy, and precision and ability to detect degrada-
tion products and post-translational modifications (PTMs) 
[32, 33]. Furthermore, the facile translatability across mul-
tiple biologic matrices, when taken as a whole, enables a 
more rapid translation from nonclinical to clinical applica-
tion with minimal method optimization [34–37]. Most of 
the examples of protein quantification using LC–MS/MS 
are based on the selection of a surrogate peptide from enzy-
matic digests of the protein of interest and stable isotope-
labeled IS (SIL-IS) synthesis [38]. The use of SIL-IS is 
able to ensure precise relative quantification of the targeted 
peptide [39]. In addition to SIL-IS, the differential dime-
thyl labeling method could also been used in an ultra-per-
formance liquid chromatography tandem mass spectrom-
etry (UPLC–MS/MS) method for absolute quantification 
of a therapeutic monoclonal antibody [40]. Although sev-
eral methods, for instance, ELISA and HMSA [41], have 
been applied to infliximab estimation, no method has been 
reported for simultaneous quantitation using LC–MS/MS 
at present, to our best knowledge.

In this paper, a method for quantifying infliximab in 
human serum was developed and validated. The sample 
preparation was adapted from a former study [42]. The total 
serum proteins were first denatured, reduced, alkylated, and 
digested by trypsin, and then directly analyzed by LC–MS/
MS for the quantitation of the peptides selected from the 
infliximab. After screening, a unique peptide was chosen 
from the tryptic peptides for LC–MS/MS quantitation. This 
LC–MS/MS method was fully validated according to regu-
latory guidelines [43–45] and was successfully applied to 
analyzing some blood samples from phase I clinical trial; 
thus, it might be a promising LC/MS-based methodology 
for pharmacokinetic studies of other recombinant monoclo-
nal antibodies.

Materials and Methods

Chemicals and Materials

Infliximab (molecular weight ~149 kDa) was expressed by 
our laboratory; methanol (MeOH, HPLC grade) and ace-
tonitrile (ACN, LC/MS grade) were purchased from Fisher 
Scientific (USA); sodium iodide (NaI, purity  ≥99.5  %) 
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and fibrinopeptide (GFP, HPLC grade, purity  ≥99.5  %) 
were all purchased from Sigma–Aldrich (St. Louis, MO). 
Dithiothreitol (DTT), iodoacetamide (MIA), and formic 
acid (FA, MS grade) were obtained from Fluka (GER). 
High-purity nitrogen (purity >99.9 %) was purchased from 
Shanghai YiZhi Cold Engineering System Co., LTD; high-
purity argon (purity >99.9 %) was purchased from Shang-
hai MAO Love Purifying Gas Co., LTD. Trypsin was made 
from our laboratory, and human serum was obtained from 
phase I clinical trial (CMAB008RA I).

Preparation of Stock and Standard Solutions

The stock solution of infliximab was prepared by dissolving 
in human serum to give a final concentration of 200 μg mL−1, 
and the stock solution of IS was dissolved in H2O/ACN/FA 
(9: 1: 0.05) to reach a concentration of 222.82 μg mL−1. The 
working calibration standard solutions were freshly prepared 
on each day of the analysis by serial dilutions of the stock 
solution of infliximab with lots of control human serum, and 
the working QC solutions with concentrations of 1.0, 9.0, 
80, and 100 μg mL−1 were also prepared in the same man-
ner with working calibration standard solutions. The work-
ing solutions of IS (0.4456 μg mL−1) were freshly prepared 
on each day by dilution of the corresponding stock solution 
with Milli-Q water. 100 mM DTT was prepared by 100 mM 
ammonium bicarbonate from 1  M DTT mother liquor, and 
100 mM MIA was diluted with 100 mM ammonium bicarbo-
nate by 2.9 M MIA mother liquor.

Sample Preparation

The concentration of 200 μg mL−1 samples was made from 
pipetting infliximab into human serum, and then different 
concentration levels of samples (100, 50, 25, 12.5, 6.25, 
3.13, 1.56, 0.78, 0.39, 0.195 μg mL−1) were prepared from 
the 200 μg mL−1 samples by serial dilutions with human 
serum. Following that, total serum proteins were precipi-
tated with 100 μL of methanol, and the mixtures were vor-
texed for 2 min and then centrifuged at 17,000g for 20 min. 
The supernatant was removed, and the retained protein 
pellet was resuspended with 50  μL 100  mM ammonium 
bicarbonate (pH 8.0) by vigorously vortexing for 2  min 
until a uniform white protein suspension was obtained. The 
denatured protein solution was further reduced with 10 μL 
of 100  mM DTT at 60  °C for 60  min. After cooling the 
samples at room temperature, 25 μL of 100 mM MIA was 
added to each sample, and the samples were incubated in 
the dark for 30 min at 30 °C. The sample digestion was ini-
tiated by adding 25 μL of 8 mg mL−1 trypsin (prepared in 
water) and incubating at 50 °C in a preheated dry bath for 
60 min. The digestion reaction was then quenched by add-
ing 25 μL of 10 % FA/H2O solution. The final tryptic digest 

was centrifuged at 17,000g for 20 min, and the supernatant 
(~130 μL) was transferred to a clean EP tube for LC–MS/
MS analysis.

LC–MS Setup for Signature Peptide Identification 
Procedure and Quantitative Analysis

The LC–MS/MS system used for the selection of signa-
ture peptide from infliximab consisted of a UPLC with an 
external column oven connected to a G2S-Q-ToF (Waters, 
Milford, MA). In the UPLC system, mobile phases were as 
follows: A (10  % ACN: 89  % H2O: 1  % FA); C (ACN); 
and D (H2O). An ACQUITY UPLC BEH 300 C18 1.7 μm 
2.1 ×  100  mm column (Waters, Milford, MA) was used, 
and the linear gradient was 1–36 % C in 80 min, 105 min 
in total. The flow rate was 0.2 mL min−1, and the injection 
volume was 10 μL. Data were obtained with positive ioni-
zation (ESI), and the acquisition range was 150–2,000 Da. 
The ion source setup was presented as follows: capillary 
voltage, 3.0  kV; the desolvation temperature, 350  °C; the 
source temperature, 120 °C; and the desolvation gas flow, 
800  L h−1. The system was controlled by MassLynx 4.1 
(Waters, Milford, MA), and the data analysis was per-
formed with BiopharmaLynx1.3.3.

The quantitative analysis was performed on an ultra-per-
formance liquid chromatography (UPLC)-MS/MS system 
which consisted of an ACQUITY UPLC®I-Class System 
(Waters, Milford, MA) equipped with a reliance unit (condi-
tioned stacker and auto-sampler) coupled to a Xevo® TQ-S 
Quantum ultra triple-quadrupole mass spectrometer from 
Waters (Milford, MA) equipped with H-ESI, and positive-ion 
multiple reaction monitoring (MRM) mode was used. The 
column in application was ACQUITY UPLC BEH 130 C18 
1.7 μm 2.1 × 150 mm (Waters, Milford, MA). The mobile 
phases were 0.1 % FA in water (mobile phase A) and 0.1 % 
FA in ACN (mobile phase B). The LC gradient program was 
1–20 % B for 6.5 min, and total run time was 13 min. The 
flow rate was 0.3  mL  min−1, and the column temperature 
was 60  °C; the auto-sampler temperature was set at 4  °C. 
Data acquisition was performed with MassLynx 4.1 (Waters, 
Milford, MA). Triple-quadrupole mass spectrometer Source 
parameters were as follows: ion spray voltage, 2.5 kV; Cone 
voltage, 25 V; source temperature, 500  °C; desolvation gas 
flow, 800 L h−1; and collision energy, 20 eV. Mass-dependent 
MRM ion transitions and triple-quadrupole parameters for 
the target peptide and its SIL-ISs were optimized.

Optimization of Sample Processing Procedures

Comparison of Two Kinds of Precipitants

For removing some endogenous substances (phospholip-
ids, peptide, etc.) prior to trypsin digestion and reduce the 
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interference from the serum matrix to analytic peptide, the 
step of protein denaturation and precipitation was essen-
tial. Here, we compared the precipitation efficiency of two 
water-miscible organic solvents (MeOH and ACN).

Optimization of Enzyme Digestion Conditions

For the optimization of enzyme digestion conditions, three 
digestion parameters were investigated including protein-
to-trypsin ratio, digestion time, and digestion temperature. 
In the protein to trypsin ratio experiment, the amount of 
trypsin was varied so that the ratio between the substrate 
(total serum proteins) and the digestion enzyme could be 
altered. As to the effect of incubation time and temperature 
on digestion efficiency, samples were digested in serum for 
different times and at various temperatures, respectively.

Method Validation

The LC–MS/MS assay validation involved detecting sev-
eral key parameters to establish credibility in assay per-
formance including selectivity, accuracy, precision, carry-
over, stability, spike recovery as well as the matrix effect. 
All the sample analysis was conducted according to current 
regulatory guidelines for macromolecular proteins. The 
infliximab calibration curve, including a zero standard con-
taining no infliximab spike, was analyzed in duplicate. QC 
samples fortified with infliximab to specific final concen-
trations in normal human serum were tested in 6 replicates 
at each of the spiked infliximab levels in 3 separate batches 
running on different days. In addition, the stability of sam-
ples at different conditions (the analytic peptide in matrix 
at room temperature for 36 h or three freeze–thaw cycles 
from −20  °C to room temperature, the processed sample 
at room temperature for 2 days or at 4 °C for 3 days) were 
tested, respectively, by 6 replicates in three QCs levels 
(LQC, MQC, HQC). In addition, we evaluated the stability 
of IS in the stock solution (10 % ACN: 89.5 % H2O: 0.5 % 
FA) and working solution (H2O). The peptide SINSATHY-
AESVK was used as the primary peptide for quantification 
purposes, and all results shown were based on this peptide. 
The acceptance criteria of ±15 % for calibration standards 
and QCs (±20 % at the LLOQ) were applied.

Quantitative Analysis of Clinical Samples

Human serum samples were collected from phase I clinical 
trial with a single-low-dose (1 mg kg−1) group of the four 
subjects injected with infliximab. The samples were frozen 
and stored at −80  °C until analysis. The same set of PK 
study samples was analyzed by ELISA (ELISA method are 
supplied in Electronic Supplementary Material) and LC–
MS/MS methods.

This study was approved by the Ethical Committee on 
Clinical Investigation, Xi Jing Hospital and was performed 
in accordance with  the declaration of Helsinki and its 
amendments.

Results and Discussion

Identification of Signature Peptides of Infliximab

For most proteins larger than 10 kDa, there is no straight-
forward method to separate them from biological matrices 
except for immuno-capture [33]. Antibodies are too heavy 
globular proteins (near 149 kDa) to be directly quantified 
using standard LC–MS assays. Nevertheless, it is possible 
to detect unique marker peptides which could present the 
antibodies. Therefore, for the quantification of the mAb, 
identifying potential signature peptides is of great impor-
tant. We first predicted the surrogate peptides by using the 
silico trypsin digestion [PeptideMass, http://web.expasy.
org/peptide_mass/], and then compared the amino acid 
sequences between human serum proteins and infliximab 
through BLAST [http://blast.ncbi.nlm.nih.gov/Blast.cgi]  
and UniProt/Swissprot to exclude peptides present in 
the plasma proteome [37, 42]. Two surrogate peptides 
(DILLTQSPAILSVSPGER and SINSATHYAESVK) were 
selected: the first one is in the framework region (FR) of rat 
and the other one is located in the complementarity deter-
mining region (CDR). In addition, to further confirm, the 
two surrogate peptides were unique in human serum, and 
tryptic digestion of the infliximab within human serum and 
blank serum were conducted, and then we analyzed and 
compared the peptide map by Q-TOF in 100 min LC gradi-
ent. However, only the unique peptide SINSATHYAESVK 
(HC-T7) showed high sensitivity and specificity (Fig. 1).

Though two candidate peptides (SINSATHYAESVK 
and DILLTQSPAILSVSPGER) were found from the vari-
able region of infliximab, only the peptide SINSATHY-
AESVK was unique (Fig.  1a), while some interference 
peaks were observed in the blank sample with regard to the 
peptide DILLTQSPAILSVSPGER (Fig.  1b). In addition, 
the peptide (SINSATHYAESVK) is located in the CDR of 
the heavy-chain variable region (VH) of infliximab, which 
is on the surface of the three-dimensional structure and eas-
ily accessible to trypsin for digestion. Therefore, the pep-
tide SINSATHYAESVK was chosen as the signature pep-
tide for further quantification study.

IS Labeling Strategy and IS Analysis by LC–MS/MS

Finding a suitable IS is another challenge encountered in 
the quantification of infliximab in human serum. In previ-
ous studies, isotope-labeled protein standards have been 

http://web.expasy.org/peptide_mass/
http://web.expasy.org/peptide_mass/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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successfully used as a kind of strategy for the quantification 
of mAbs [46]. However, these standards are too expensive 
and time consuming. A well-designed IS strategy is critical 
for the successful development of an LC–MS-based protein 
quantification assay. As variations, which may be intro-
duced in any step in the workflow including sample pro-
cessing, liquid chromatography, and ionization, could be 
tracked and compensated by a good IS. The pros and cons 
of different IS strategies have been briefly discussed [33]. 
For example, the stable isotope-labeled signature peptide 
is very straightforward, and it is often easy to synthesize 
at low cost. However, one of its major drawbacks is that it 
cannot correct for variations in enzymatic digestion or any 
other sample processing steps prior to the digestion. There-
fore, it may cause serious quantification bias [46, 47]. An 
alternative IS designed to cover the variations in enzymatic 
digestion step is the stable isotope-labeled extended signa-
ture peptide, which has extra amino acid sequences con-
taining protease digestion sites flanking both sides of the 

signature peptide [48]. These extended SIL-ISs are added 
during the sample digestion step to go through the diges-
tion process; therefore, variations in digestion efficiency 
are expected to be corrected to some extent. The diges-
tion sites in this type of IS are often more accessible than 
those in target proteins; thus, the digestion kinetics of the 
target proteins could not be tracked. In our study, the pep-
tide SKSINSATHYAESVK, which contains two additional 
amino acids (SK) and a protease digestion site at the N-ter-
minal, was selected as a template for the IS. The isotope 
peptide (SINSA(A  →  A13C315N)THYAESVK)-labeled 
[13C315N]-Ala provided a 4 Da shift in mass.

Optimization of Sample Processing Procedures

Comparison of Two Kinds of Precipitants

The step of protein denaturation and precipitation could 
remove some endogenous substances (phospholipids, 

Fig. 1   The selection of 
signature peptides. a’, b’ are 
representative chromatograms 
of the two candidate peptides 
(SINSATHYAESVK; DILLTQ-
SPAILSVSPGER) in variable 
region of infliximab, respec-
tively; a, b are chromatograms 
of blank samples
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peptide, etc.) before trypsin digestion and reduce the 
interference from the serum matrix. We evaluated the pre-
cipitation efficiency of two water-miscible organic sol-
vents (MeOH and ACN) by comparing the peak area of 
the analytic peptide. The result (Fig. 2a) indicated that the 
precipitation efficiency of MeOH was better than that of 
ACN.

Optimization of Enzyme Digestion Conditions

In order to optimize the digestion conditions, three param-
eters were investigated: protein-to-trypsin ratio, digestion 
time, and digestion temperature. In one experiment, the 
amount of trypsin was varied so that the ratio between the 
substrate (total serum proteins) and the digestion enzyme 
could be altered. Four digestion ratios (5:1, 10:1, 20:1, 
50:1) were investigated (Fig.  2b). Digestion efficiency 
was calculated from the normalized averaged peak area 
ratios (n = 3) obtained from the MRM chromatograms of 
the native SINSATHYAESVK peptide (originating from 
spiked infliximab, MRM transition: 469.6  →  603.8) and 

the corresponding isotope-labeled analog (SKSINSATHY-
AESVK, 471.0 → 605.9).

According to the data shown in Fig. 2b, there is no sig-
nificant difference between the protein-to-trypsin ratio 5:1 
and 10:1. And the trypsin efficiencies were significantly 
decreased at ratios above 10. Therefore, the protein-to-
trypsin ratio 10:1 was chosen as the best enzyme digestion 
ratio.

In addition, the digestion time and digestion temperature 
were evaluated. The protein-to-trypsin ratio was constant 
(10:1) while the digestion time and temperature varied. 
Aliquots were taken after certain digestion times as well as 
temperatures [0.5, 0.75, 1, 2, 3, 4 h; 37, 50 °C]. Digestion 
efficiency was again calculated from the normalized aver-
aged peak area ratios (n =  6) of the unique peptide SIN-
SATHYAESVK and the corresponding isotope-labeled 
analog SKSINSATHYAESVK (Fig. 2c, d).

When samples were incubated at 50  °C, the digestion 
efficiency in 0.5 h was lower than that in 0.75 h. With the 
increasing reaction time, the efficiency was not significantly 
changed. However, the enzyme efficiency increased with the 

Fig. 2   Optimization of precipitants and enzyme digestion conditions. 
a Comparison of denaturation and precipitation effect with two kinds 
of precipitation agents (methanol and acetonitrile). b Protein-to-
trypsin ratio optimization. Four digestion ratios (5:1, 10:1, 20:1, 50:1) 
were investigated for samples digested for 1 h with trypsin at 50 °C. 
c, d Effect of incubation time and temperature on digestion efficiency. 
Samples were digested in serum for 0.5, 0.75, 1, 2, 3, and 4 h with 
trypsin at 37 and 50 °C, respectively; the protein-to-trypsin ratio was 

10:1. All the samples (b, c, d) were spiked with 0.7 μM infliximab 
and 0.28 μM IS in human serum. Digestion efficiencies were calcu-
lated from the normalized averaged peak areas (n = 3) obtained from 
the MRM chromatograms of the native SINSATHYAESVK peptide 
(originated from spiked infliximab, MRM transition: 469.6 → 603.8) 
and the corresponding isotope-labeled analog (SKSINSATHY-
AESVK, 471.0 → 605.9)
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increasing reaction time from 0.5 to 4 h at 37 °C. And the 
highest efficiency at 37 °C for 4 h was close to that at 50 °C 
for 4 h. To ensure the infliximab being digested completely, 
we should better choose the digestion time of 1 h at 50 °C. 
Meanwhile, the enzyme digestion efficiencies under condi-
tions of 1 h at 37 °C and 1 h at 50 °C were also compared. 
The result showed that peak area ratio at the condition of 
50 °C, 1 h was higher than that of 37 °C, 1 h (P < 0.05).

After all, the enzymatic reaction was completed in 1 h by 
high protein-to-trypsin ratio (10:1, w/w) and high tempera-
ture (50 °C). Increasing the amount of trypsin did not increase 
responses of the peptide and the enzyme reaction condition at 
50 °C for 1 h was better than that at 37 °C for 1 h.

Optimization of MRM Transitions and Parameters

The quantitation analysis was performed with Xevo®TQ-S 
Quantum ultra triple-quadrupole mass spectrometer oper-
ating in positive-ion MRM mode. So we first selected the 
relatively high abundance of MRM transitions (shown in 
Fig. 3; Table S1, Electronic Supplementary Material) of the 
signature peptide and IS derived by high-resolution mass 
spectrometry for quantitative detection.

There were no interferences in blank control for quan-
titative detection of signature peptide by the three MRM 
transitions. And the transition of 469.6(3+)  >  603.8(2+, 
y11) which had the highest peak area was selected as the 
quantitation transition. Similarly, no interferences in 

blank control were observed for the IS. The transition of 
471.0(3+) > 605.907(2+, y11) had the highest sensitivity; 
therefore, it was chosen for quantitation analysis. Then, the 
mass-dependent MRM ion transitions and triple-quadru-
pole parameters for the target peptide and its SIL-ISs were 
optimized (Table 1).

Method Validation

Linearity and LLOQ

A typical calibration curve was established during assay 
qualification for infliximab in human serum. Accord-
ing to the linear regression analysis of peak area arrived 
from ten different concentrations (range from 0.39 to 
100 μg  mL−1), the correlation coefficient (r) was 0.9961 
for peptide of infliximab during the method validation. 
The lower limit of quantitation (LLOQ) for the analytic 
peptide was 0.39 μg mL−1 (S/N = 66), and the LOD was 
0.0975  μg  mL−1. From six repeat stitches, the RSD was 
within 11 % for LLOQ and less than 5 % for other concen-
trations. This indicated linearity of the detector response 
can be used as a function of the standard calibration curve.

Selectivity

To ensure that this analytical method can differentiate and 
quantify the infliximab in the presence of other components 

Fig. 3   MRM transitions of the signature peptide and peptide-IS 
monitored as a function of time. a LC–MS/MS chromatograms 
of the signature peptide in human serum sample and blank human 
serum sample [703.8(2+)  >  934.5(1+, y8), 703.8(2+)  >  173.1(1+, 

b1), 469.6(3+)  >  603.8(2+, y11)]. b LC–MS/MS chromatograms of 
the peptide-IS in human serum sample and blank human serum sam-
ple [471.0(3+)  >  465.094(2+, y8), 471.0(3+)  >  548.893(2+, y10), 
471.0(3+) > 605.907(2+, y11)]
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in the serum sample, the selectivity of signature peptide and 
IS in human serum obtained from six sources were tested. 
All samples were detected at the LLOQ in the absence of 
interfering components in the chromatograms for the signa-
ture peptide and IS, Fig. 4 and Fig. S1 (Electronic Supple-
mentary Material), which demonstrated its high selectivity 
in human serum.

Precision and Accuracy

The accuracy (%RE) and precision (%RSD) information of 
the within-run and between-run for the QCs are presented 
in Table 2 and shown in Fig. S2; all the results passed the 
acceptance criteria. The within-run and between-run pre-
cision values were within 12 and 15  %, respectively, and 

Table 1   Mass-dependent MRM ion transitions and triple-quadrupole parameters for the target peptide and its SIL-IS

a  A* [13C315N]-A; the peptide fraction with underline was tryptic peptide and monitored in LC–MS/MS assay
b  The values in the brackets represent ion charges and fragmentation assignments

Analyte name Amino acid sequencea MRM ion transition, m/zb Dwell (s) Cone (V) Collision 
energy (V)

Signature peptide SINSATHYAESVK 469.6(3+) > 603.8(2+, y11) 0.106 40 10

Peptide-IS SKSINS(A*)THYAESVK 471.0(3+) > 605.9 (2+, y11) 0.106 22 10

Fig. 4   Representative chroma-
tograms of the signature peptide 
and peptide-IS at the LLOQ 
level. Significant analytic 
peaks were observed in the 
LLOQ samples: 0.39 μg mL−1 
for signature peptide (a1), 
0.22 μg mL−1 for the IS (a’1). 
No interference peaks were 
observed in the corresponding 
blank samples: a0 and a’0
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the accuracy values were within  ±15  % for all the QCs 
samples.

Recovery and Matrix Effect

The methanol precipitation recovery and serum matrix effect 
of target peptide from human serum were determined at low, 
medium, and high concentrations (1, 9, and 80  μg  mL−1), 
results shown in Table 3. The methanol precipitation recovery 
rates were calculated from the peak area in human serum sam-
ples spiked with the infliximab before and after the process-
ing step. The recoveries of denaturation and precipitation were 
92.18 % at 1 μg mL−1 and ~100 % at 9 and 80 μg mL−1, 
respectively. The recoveries of trypsin digestion were above 
95  % at the three concentration levels. The recoveries after 
trypsin digestion were greater than 80 % for all the samples, 
which might be attributed to sample loss during the centrifu-
gation and transferring of the supernatant. In order to assess 
the serum matrix effect, the response of infliximab spiked in 
the human serum was compared with that in water as control. 
The processing steps after methanol precipitation were all the 
same (serum sample was precipitated by methanol while water 
sample was not treated). The mean values of matrix effect rate 
at the concentrations of 1, 9, and 80 μg mL−1 in human serum 
were all above 50 %. These results indicated that the serum 
matrix had a great influence on the quantification of analytic 
peptide. However, the matrix effect did not affect the accuracy 
and precision of the results for they were well compensated by 
the IS we used during the sample processing and analysis.

Carry‑over

According to relevant laws and regulations, carry-over 
should be addressed and minimized during method 

development. In our study, carry-over was assessed 
by injecting blank sample directly after a high QC 
(80  μg  mL−1) sample and calibration standard at the 
upper limit of quantification (100  μg  mL−1). Six repli-
cates were tested. Carry-over was calculated by comparing 
the response of peptide and IS in blank sample with that 
of high QC sample and highest concentration of calibration 
standard. The results showed that the carry-over was less 
than 20 % of the LLOQ for the significant peptide and 5 % 
for the IS. Therefore, it would not affect accuracy and pre-
cision during the assay validation.

Stability

Evaluation of stability should be carried out to ensure 
that every step taken during sample preparation and sam-
ple analysis, as well as the storage conditions used do not 
affect the concentration of the analytes. Here, we, respec-
tively, evaluated the stability of several situations including 
the IS in the stock solution (10 % ACN: 89.5 % H2O: 0.5 % 
FA) and working solution (H2O), the infliximab in human 
serum at room temperature for 36  h, the analytes in the 
matrix after three freeze–thaw cycles from −20 °C to room 

Table 2   Within-run and 
between-run validation 
statistics for infliximab spiked 
in human serum analyzed by 
the UPLC MRM MS using 
SINSATHYAESVK as the 
signature peptide

a  Standard deviation
b  Relative standard deviation
c  Relative error

QC levels LLOQ LQC MQC HQC

Target conc. 0.39 (μg mL−1) 1.0 (μg mL−1) 9.0 (μg mL−1) 80.0 (μg mL−1)

Batch 1 2 3 1 2 3 1 2 3 1 2 3

Within-run summary statistics

 Mean 0.44 0.37 0.36 1.12 0.98 1.06 8.88 9.11 9.03 76.94 74.39 76.39

 SDa 0.02 0.04 0.04 0.1 0.06 0.07 0.1 0.31 0.13 4.68 1.27 1.78

 %RSDb 4.63 11.11 10.32 8.98 6.59 6.29 1.11 3.43 1.39 6.08 1.71 2.33

 %REc 12.78 −4.75 −7.13 11.58 −1.82 5.62 −1.29 1.18 0.35 −3.82 1.09 −4.52

 n 6 6 6 6 6 6 6 6 6 6 6 6

Between-run summary statistics

 Mean 0.39 1.05 9.01 75.90

 SDa 0.05 0.09 0.21 3.02

 %RSDb 12.27 8.85 2.36 3.98

 %REc 0.30 5.12 0.08 −5.12

 n 18 18 18 18

Table 3   Processing recovery and matrix effect

LQC MQC HQC

Recovery rate %

 Methanol precipitation 92.18 100.19 97.52

 Trypsin digestion 98.65 99.90 95.87

 After trypsin digestion 82.02 83.99 88.75

Matrix effect %

 Serum matrix 57.38 53.24 64.98
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temperature, and the processed sample at room temperature 
for 2 days and at 4 °C for 3 days.

In order to evaluate the stability of IS, the same IS sam-
ple was diluted by the stock solution (10 % ACN: 89.5 % 
H2O: 0.5 % FA) and working solution (H2O), respectively, 
and stored at 4  °C for 3  days. We found that the IS was 
relatively stable in the stock solution (10 % ACN: 89.5 % 
H2O: 0.5 % FA) but not in the working solution (H2O). It is 
speculated that the nonspecific adsorption had happened to 
the peptide-IS in H2O. Therefore, we recommended using 
the 10 % ACN: 89.5 % H2O: 0.5 % FA as stock solution 
and configure the working solution when needed. The other 
stability results are shown in Table 4.

The stability of infliximab in human serum was dem-
onstrated by comparing the mean measured concentrations 
and predicted QC concentrations. The stability of unique 
peptide in processed samples was confirmed by compar-
ing the stored and processed QCs against the freshly 
prepared standards. All the data information passed the 
criteria, indicating that the unprocessed and processed 
samples in different conditions were all stable and provid-
ing additional confidence and evidence for the analytical 
procedure.

Comparison Between ELISA and LC–MS/MS for PK Study 
of Infliximab

We analyzed samples from phase I clinical trial with a 
single-low-dose (1  mg  kg−1) group of the four subjects 
injected with infliximab drug by ELISA and LC–MS/MS 
assays. The average concentration to the time after infusion 
detected by ELISA ranged from 0.15 to 24.34 μg  mL−1, 
with which the results from LC–MS/MS had good consist-
ency in the whole range, seen in Fig. 5; Fig. S3 (Electronic 
Supplementary Material).

Conclusion

A simple, sensitive, specific, and precise LC–MS/MS assay 
has been developed and validated for quantitation of inflixi-
mab by using isotope-labeled signature peptide as IS in this 
study. This assay was fully validated to meet the require-
ments of the US Food and Drug Administration (FDA) and 
successfully applied to the quantification of our infliximab 
in some clinical samples by comparing with ELISA. The 
sample processing procedures were optimized including two 
kinds of precipitants and the protein digestion conditions. 
The isotope-labeled signature peptide as IS was able to cali-
brate for variations in the whole process of the method. In 
addition, this LC–MS/MS assay can reduce method devel-
opment time, and the resources required for multiple candi-
dates in different biological matrices during the preclinical 
stages when specific LBA reagents are not available. There-
fore, we believe that this LC–MS/MS method could helpful 
to the development of the modern TDM, and it can be used 
as a method model for pharmacokinetic studies of other 
recombinant monoclonal antibodies.
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Table 4   The stability statistics 
of analytes in different 
conditions

a  Relative standard deviation
b  Relative error

QC levels LQC 
(1.0 μg mL−1)

MQC 
(9.0 μg mL−1)

HQC 
(80.0 μg mL−1)

Stability tests %RSDa %REb %RSDa %REb %RSDa %REb

Sample Condition n = 6

Infliximab in matrix RT, 36 h 3.94 3.96 1.93 −12.38 3.10 −12.33

Infliximab in matrix 3 Freeze–thaw cycles 8.67 4.33 2.32 −11.13 3.12 −0.14

Unique peptide in matrix RT, 2 days 7.82 −6.06 5.03 −7.60 3.29 −5.81

4 °C, 3 days 12.70 2.32 2.29 −0.05 3.05 −9.03

Fig. 5   Comparison of PK time-concentration profiles of infliximab 
detected by ELISA and LC–MS/MS assay
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