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ABSTRACT: Due to the separation technique employed, capillary electrophoresis coupled to mass spectrometry (CE-MS) 

analysis performances are significantly influenced by the chemical composition and the complexity of the sample. In various 

applications, that impact has prevented the use of CE-MS for the characterization and quantification of proteins in biological 

samples. Here we present the development and evaluation and a sample preparation procedure, based on affinity purification, 

for the specific extraction of the monoclonal antibody (mAbs) infliximab from human serum in order to perform subsequent 

proteolytic digestion and CE-MS/MS analysis. Three distinctive sample preparation strategies were envisaged. In each case, 

the different steps composing the protocol were thoroughly optimized and evaluated in order to provide a sample preparation 

addressing the important complexity of serums samples while providing an optimal compatibility with CE-MS/ MS analysis. 

The different sample preparation strategies were assessed concerning the possibility to achieve an appropriate absolute quan-

tification of the mAbs using CE-MS/MS for samples mimicking patient serum samples. Also, the possibility to perform the 

characterization of several types of post-translational modifications (PTMs) was evaluated. The sample preparation protocols 

allowed the quantification of the mAbs in serums samples for concentration as low as 0.2 μg⋅mL-1 (2.03 nM) using CE-

MS/MS analysis, also the possibility to characterize and estimate the modification level of PTMs hotspots in a consistent 

manner. Results allowed to attribute the effect on the electrophoretic separation of the different steps composing sample 

preparation. Finally, they demonstrated that sample preparation for CE-MS/MS analysis could benefit greatly for the ex-

tended applicability of this type of analysis for complex biological matrices. 
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1. INTRODUCTION 

Since their introduction in the late 1980s, monoclonal antibodies (mAbs) have experienced increasing success in the 

treatment of various diseases, leading to their emergence in the mid-2000s [1,2]. The appeal of therapeutic mAbs can 

be explained by their favorable pharmacokinetic and pharmacodynamic properties. In addition, their ability to target a 

specific epitope corresponding to the antigen represents a crucial asset for the development of this type of biomolecule 

for therapeutic applications. Last year alone, 12 mAbs-based therapeutics were approved, and 140 are currently in 

clinical trials, including several for the treatment of SARS-CoV-2 [3–5]. Due to their structural complexity and their 

use as biopharmaceutical products, mAbs have required the development of dedicated analytical methods to provide 

their comprehensive structural characterization. However, almost the totality of analytical developments described in 

the literature focus on the characterization of mAbs in the context of their production, while methods for the analysis 

of mAbs in biological samples remain scarce [6,7]. Therefore, it appears essential to develop novel analytical strategies 

to study the outcome of mAbs after administration to patients. Bottom-up peptide-centric analysis represents a relevant 

methodology that, using mass spectrometry (MS), offers the possibility to obtain quantification in addition to the char-

acterization of protein primary structure, including post-translational modifications (PTMs) [8–10]. 

Presently, almost all mAbs products are administered by parenteral injection into the patient’s bloodstream, and there-

fore mAbs are present in the serum. Human serum is an extremely complex matrix composed of a wide variety of 

proteins, such as albumin and immunoglobulin (IgG) [11]. The presence of a large number of proteins can interfere 

with the MS analysis of mAbs, particularly because of the large difference in concentration between serum proteins 

and the administered mAbs. As a result, the analysis of a specific protein present in a biological sample requires proper 

sample preparation to remove other proteins and salts that would otherwise hamper the MS analysis. Sample purifica-

tion can improve the reproducibility of the method and significantly reduce interferences to increase sensitivity. Indeed, 

the removal of albumin, which accounts for approximately 50 % of total serum protein, has been shown to improve 

the sensitivity of the method [12]. Various types of purification procedures, such as pellet digestion or protein precip-

itation, can be used to remove albumin from serum samples to decomplexify the matrix. However, their lack of speci-

ficity is a limitation for mAb isolation, as a large fraction of serum proteins are IgG. An alternative method to enhance 
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the specificity of sample preparation is affinity purification [13]. This type of extraction is emerging for mAb analysis, 

but its implementation requires particularly demanding setup and optimization [14,15]. 

Capillary zone electrophoresis hyphenated to tandem mass spectrometry (CZE-MS/MS) has showed to be particularly 

suitable for the separation and characterization of peptide mixtures [16,17]. Indeed, the electrokinetic separation pro-

vided by CZE allows the separation of a wide variety of peptides in a single experiment with respect to their chemical 

nature. Also, the mobility mechanism of CZE allows the baseline separation of peptides exhibiting faint PTMs from 

their unmodified counterparts. This feature is a strong advantage of CZE, as a lack of separation prior to MS analysis 

would result in overlapping isotopic profiles of peptides, preventing clear identification [18]. The diversification of 

CZE-MS applications was also supported by technical improvements in coupling interfaces, which have enhanced 

sensitivity [19–21]. As a result, CZE-MS has become particularly relevant for the characterization of biomolecules 

[22–24]. CZE separation is particularly sensitive to sample composition due to the limited capillary volume available 

and the phenomenon of electrophoresis. Samples can exhibit significant electrical conductivities relative to the back-

ground electrolyte (BGE) due to the presence of high concentrations of salts and/or organic solvents. Therefore, the 

composition of the sample can affect the homogeneity of the electric field, resulting in reduced separation efficiency 

and impaired reproducibility. In order to characterize and quantify mAbs in biological samples using CZE-MS/MS, it 

is necessary to develop a sample preparation that allows a relevant affinity extraction and purification of the proteins, 

in addition to ensuring optimal compatibility with CZE electrophoretic separation. 

In the present work, we describe the development of a selective purification adapted to the analysis of the active 

fraction of infliximab (IFX) in human serum using CZE-MS/MS analysis. IFX is a chimeric mAb targeting tumor 

necrosis factor (TNF-α), used as a therapeutic treatment mainly for Crohn’s disease and rheumatoid arthritis [25,26]. 

The affinity purification of IFX was based on the implementation of ferromagnetic beads incorporating immobilized 

TNF-α, which were prepared in-house. Subsequently, isolated IFX were released and subjected to trypsin digestion, 

followed by bottom-up analysis using CE-MS instrumentation. Different strategies regarding IFX release from func-

tionalized beads, and buffer exchange in order to perform proteolytic digestion, and CZE separation were compared. 

The sequential steps that make up the different sample preparation protocols were investigated in a systematic manner 
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to attribute their impact on the extraction yield, IFX recovery, and the ability to maintain optimal CZE separation 

efficiency. 

 

2. MATERIALS AND METHODS 

2.1. Chemicals. The chemicals used were of high purity grade and purchased from Merck Sigma-Aldrich (Saint Louis, 

MO, USA) unless stated otherwise. The water used to prepare the buffers and sample solutions was obtained using an 

ELGA Purelab UHQ PS water purification system (Bucks, UK). Infliximab (IFX) samples were EMA/FDA-approved 

formulations (Remicade®) purchased from the manufacturer (Merck Sharp and Dohme). Stable-isotope-labeled in-

fliximab (SIL-IFX) internal standard was purchased from Sigma-Aldrich (St. Louis, MO, USA). RapiGest SF surfac-

tant was purchased from Waters (Milford, MA). Streptavidin M- 280 DynabeadsTM were obtained from Fisher Scien-

tific Invitrogen (Carlsbad, CA) and biotinylated TNF-α from Biotechne (Rennes, France). Sequencing-grade modified 

Trypsin was purchased from Promega (Madison, WI, USA). (PBS) tablets used for reconstitution in water were pur-

chased from Gibco Fisher. Blank sera extracted and purified from the total blood were provided by the French Institu-

tion of Blood (Paris, France). 

2.2. Reference and serum samples. IFX stock solutions at a concentration of 1 g⋅L-1 were prepared after reconstitution 

in Milli-Q H2O and directly stored at -20°C until use. Two kinds of samples were prepared: IFX spiked reference 

samples and IFX spiked serum standards. The reference samples were prepared by introducing IFX stock solution to 

ammonium bicarbonate buffer (50 mM, pH 8) to a final volume of 100 μL and concentration of 25 μg⋅mL-1. The 

standard serum samples were prepared by introducing IFX stock solution to model blank serum (initially free of IFX) 

to a final volume of 100 μL and concentration of 25 μg⋅mL-1. 

2.3. Affinity purification of IFX from human serum. The standard serum samples were purified to specifically extract 

IFX. First, 217 μL of streptavidin M-280 DynabeadsTM (10 mg⋅mL-1) was incubated with biotinylated TNF-α (148 μL, 

10 μg⋅mL-1 in PBS) at room temperature (RT) for 1 h. Excess biotinylated TNF-α was removed by three consecutive 

washing steps using 500 μL PBS solution. Subsequently, the 100 μL standard serum sample was added to the TNF-α-
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functionalized beads. The mixture was incubated at RT for 1 h under mild agitation. Then the serum was removed, and 

the magnetic beads were washed twice using 500 μL of PBS. 

2.4. IFX release and buffer exchange 

2.4.1. Acidic dissociation followed by membrane filtration. The citrate buffer (pH 3.0) was prepared by mixing 70 μL 

of sodium citrate dihydrate (C6H5Na3O7) 100 mM with 930 μL of citric acid (C₆H₈O₇) 109 mM. After washing with 

PBS, IFX captured on the TNF-α magnetic beads was dissociated by the addition of 50 μL citrate buffer. The mixture 

was left at RT for 10 min, and the supernatant was collected. Another 50 μL of citrate buffer was added to the magnetic 

beads and incubated at RT for 10 min, followed by supernatant collection. The supernatants were pooled, and the pH 

of the solution was neutralized by the addition of NaOH 1 M. Consequently, buffer exchange was performed using an 

Amicon© centrifugal membrane filter provided by Merck Millipore (Molsheim, France). The filter was conditioned 

with 50 mM ammonium bicarbonate (pH 8.0). The sample was then subjected to two consecutive centrifugation cycles. 

For each centrifugation cycle, the filter was filled with 50 mM ammonium bicarbonate, and centrifugation was per-

formed for 10 min using an Eppendorf 5424® centrifuge system. Finally, the sample was collected in a new tube and 

adjusted to a final volume of 70 μL using the ammonium bicarbonate buffer. 

2.4.2. Organic solvent dissociation followed by evaporation. IFX dissociation from TNF-α magnetic beads was alter-

natively achieved by adding 50 μL of MeOH/H2O/FA: 48.5/48.5/3 (v/v/v) solution to the sample, which was left at 

20°C for 10 min. The supernatant was collected, and the operation was repeated once. Both supernatants were then 

pooled and dried for 2 h using a miVac DNA concentrator system (Genevac, NY, USA) at a temperature of 35 ◦C. The 

samples were finally reconstituted with 70 μL of 50 mM ammonium bicarbonate. 

2.5. Proteolytic digestion of the IgG samples. The IFX samples (references or after purification of serum standards) 

are all in ammonium bicarbonate, 50 mM, pH 8. Prior to sample digestion, 4 μL of SIL-IFX stock solution at a con-

centration of 0.25 μg⋅μL-1 was added to all IFX samples. Proteolytic digestion of IFX and SIL-IFX obtained by affinity 

purification from serum samples was achieved following a workflow derived from a commonly used protocol for the 

digestion of mAbs in solution into peptides [27]. Briefly, mAbs were denatured using 5 μL of RapiGest SFTM 0.1 % 

and incubated at 80°C for 10 min. After cooling to RT, 10 μL of 50 mM dithiothreitol were added to the mixture, and 
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the sample was incubated at 80°C for 20 min. Then, 10 μL of 50 mM iodoacetamide was added, and the sample was 

incubated at RT in the dark for 20 min. 1 μL of trypsin at 0.25 μg⋅μL-1 was added to the sample and left at RT for 2 h. 

Trypsin (1 μL) was again added, and the sample was incubated at 37°C overnight. Next, 1 μL FA (98 %) was added. 

The peptide digests were dried. Finally, the sample was reconstituted in 5 μL 100 mM ammonium acetate at pH 4. 

2.6. Capillary zone electrophoresis – Tandem mass spectrometry for peptide analysis. Analysis of the IFX peptide 

digests was performed on a CESI8000® capillary electrophoresis system (Sciex separations, Darmstadt, Germany) 

coupled via a sheathless CE-ESI-MS interface to a Sciex TripleTOF 5600 mass spectrometer (Darmstadt, Germany) 

operated using Analyst® software (Sciex, Darmstadt, Germany). Total capillary volume, effective volume, and sample 

injection volume were calculated using CEToolbox software (available from Google Play Store) [28]. Separation was 

performed in a bare-fused silica capillary (total length 100 cm; 30 μm i.d.) filled with a conductive background elec-

trolyte (BGE) consisting of 10 % acetic acid. The outlet end of the capillary was etched to obtain a 2 cm porous tip 

positioned inside the ESI source, and a second capillary (total length 80 cm; 50 μm i.d.) filled with the BGE was used 

to maintain electrical connection between the CE electrodes. Transient isotachophoresis (t-ITP) preconcentration was 

generated prior to CZE separation by injecting the peptide digest reconstituted in a leading electrolyte of ammonium 

acetate 100 mM (pH4). Hydrodynamic injection (5 psi, 100 sec) allowed 68 nL of peptide digest to be injected into 

the inlet of the separation capillary. A 23 kV electric field was then applied, leading the peptides to migrate toward the 

ESI source. The ESI voltage set was 1.5 kV, source heating temperature was 100°C, and the curtain gas value was 2. 

Experiments were performed in Top20 information-dependent acquisition (IDA, Sciex), in a total duty cycle of 1.9 s. 

Data were analyzed Skyline software developed by the University of Washington (Seattle, WA, USA) [29]. 

2.7. Parameters studied for protocol assessments. The process efficiency of the workflow was estimated for each 

protocol using Eq. (1). It corresponded to the complete recovery of IFX, from its extraction by affinity beads prior to 

digestion (Fig. 1). Briefly, CE-MS/MS signal ratios corresponding to IFX and SIL-IFX measured from the spiked 

serum samples were compared to the ratios collected for the reference sample prepared in milli-Q H2O without purifi-

cation and thus only submitted to proteolytic digestion. 
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Process Efficiency (%) = 
(

𝐴𝐼𝐹𝑋
𝐴𝑆𝐼𝐿−𝐼𝐹𝑋

)
𝑠𝑒𝑟𝑢𝑚

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

(
𝐴𝐼𝐹𝑋

𝐴𝑆𝐼𝐿−𝐼𝐹𝑋
)
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ × 100                      [Eq. 1] 

where AIFX and ASIL-IFX are the peak areas corresponding to the IFX and SIL-IFX respectively. The signals of the two 

proteins were monitored using the peptide LT-01 (sequence DILLTQSPAILSVSPGER), which was beforehand se-

lected because of its specificity for IFX and its high ionization efficiency. The same peptide was considered for SIL-

IFX, including the (13C6; 15N4) label for the arginine residue. The LT-01 peptide was systematically identified using 

MS/MS spectra from the characterization of y and b-ions corresponding to the CID fragmentation of the peptide (Table 

S1). Further considerations of the performance of individual steps of IFX purification were performed by calculating 

the extraction recovery yield or filtration recovery yield (Fig. 1). The LOD and LOQ were calculated by considering 

LT-01 peptide signal. The intensity of this signal was collected as well as that of the background noise. The LOD and 

LOQ were assessed when the signal to noise (S/N) reached 3 and 10, respectively. 

 
Fig. 1. Representation of the different parameters considered to evaluate the protocols of sample preparation prior CE-MS/MS analysis of peptide 

digest of infliximab on the analytical workflow. 

2.8. Size exclusion chromatography – Multi-angle light scattering analysis. Size exclusion liquid chromatography 

analyses were performed using a Prominence HPLC system equipped with a SIL-10A UV absorbance detector, a RID-

20A refractive index detector (Shimadzu, Marne-la-Vallée, France) and a miniDAWN Treos II multi-angle light scat-

tering (MALS) detector acquired from Wyatt Technology (Santa Barbara, USA). Two distinctive softwares were used 

to pilot the SEC-UV-MALS-RI instrument: LC Solution (Shimadzu corporation) for the HPLC-UV-RI part and Astra 

version v7.2 (Wyatt technology, Santa Barbara, USA) for the MALS detector. SEC separations were realized using a 

Biozen SEC3 column (300 × 4.6 mm; 1.8 μm) provided by Phenomenex (Le Pecq, France) using a mobile phase 

constituted of 50 mM phosphate buffer (pH 6.8) and 300 mM NaCl. Flow rate was 200 μL⋅min-1 and injection volume 
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was 20 μL. UV detection was performed at a wavelength of 280 nm. MALS detector was equipped with a 658 nm 

laser, and measurements were performed simultaneously at 3 different angles (49°, 90° and 131°). IFX at a concentra-

tion of 0.5 μg⋅μL-1 in H2O milliQ or in 50 mM citrate buffer was injected for the analyses. 

2.9. Dynamic light scattering analysis. Dynamic light scattering (DLS) analyses were performed on a Zetasizer (Mal-

vern Panalytical, Malvern, UK), using 2 angles (13° and 173°) monitored by the Zetasizer software. 400 μL of sample 

was analyzed. Measurements were realized at a temperature of 25 ◦C in triplicate. For analyses, IFX was injected at a 

concentration of 0.5 μg-μL-1 in H2O milli-Q or in 50 mM citrate buffer. 

 

3. RESULTS AND DISCUSSION 

The reported therapeutic range for IFX (infliximab) indicates that serum concentrations after administration should 

fall within the range of 1 to 25 μg⋅mL-1. Affinity purification is necessary to isolate low concentrations of IFX from a 

complex mixture composed of 1–5 mg⋅mL-1 of a wide variety of natural IgGs [30]. Consequently, a peptide-centric 

analytical strategy, derived from bottom-up proteomic analysis, was adopted as it maintained optimal sensitivity, es-

pecially considering the low-level quantification aimed at. In addition, it allowed the simultaneous characterization of 

the primary structure of IFX with respect to the occurrence of PTMs. Thus, tryptic digestion of purified IFX was 

performed as the final sample preparation step prior to CE-MS/MS analysis. Different sample preparation methods 

were used for IFX-spiked serum to evaluate the impact of different approaches on MS signal intensity, signal-to-noise 

ratio, and extraction yield, in addition to the identification of PTMs and the estimation of modification levels. The goal 

was to determine the most appropriate conditions to maximize the efficiency of the process and achieve optimal sen-

sitivity while maintaining the selectivity and efficiency of the electrophoretic separation. Concerning asparagine de-

amidation (deaN) and aspartate isomerization (isoD), separation is mandatory for adequate identification, as they will 

show isotopic overlap with their unmodified counterparts in MS. Therefore, the peptide resolution was evaluated for 

each protocol. For analyte pre-concentration in CE, the transient isotachophoresis mode was performed, using ammo-

nium acetate 100 mM as the leading electrolyte and acetic acid as the background electrolyte (BGE) [31]. Under these 
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conditions, the migration time of the peptides depends on the ITP duration, which depends on the conductivity differ-

ence between the two electrolytes. Under the same CE conditions (applied voltage, leading electrolyte, injection vol-

ume), the resolution between identical peptides should be similar. Nevertheless, we evaluated whether the different 

sample preparations proposed here slightly modified the ionic strength or conductivity of the sample, thus affecting 

the resolution between PTMs. 

To support the analysis of IFX in human serum by CE-MS/MS, different sample preparation methods, shown in Fig. 

2, were investigated. In the workflow referred to as protocol A, the peculiarity was that the extracted IFX was not 

released from the magnetic beads, and therefore the proteolytic digestion was performed in situ, still immobilized on 

the affinity purification media. This approach had the advantage of reducing the number of sequential sample prepa-

ration steps and allowing the beads to be easily placed in a buffer compatible with the digestion. In the other two 

workflows studied, IFX was removed from the purification beads prior to digestion, either by acidic dissociation fol-

lowed by buffer exchange by membrane filtration in the case of protocol B, or by organic solvent dissociation and 

solvent evaporation in the case of protocol C (Fig. 2). The release of extracted IFX from the beads would potentially 

facilitate trypsin access to the mAbs, which could be beneficial for maximizing digestion yield. However, for both 

protocols, the solutions used to dissociate the IFX-immobilized/TNF-α interaction had to be removed due to their 

incompatibility with trypsin digestion. 

3.1. Direct digestion of mAbs immobilized on beads (Protocol A). The IFX-spiked serums were subjected to affinity 

purification using TNF-α-functionalized magnetic beads. Then the beads were transferred to ammonium bicarbonate 

for digestion (Fig. 2). The CE-MS/MS results demonstrated the successful detection and quantification of IFX in spiked 

serums for the different concentration levels considered. The process efficiency of this sample preparation procedure 

was determined at 62 ± 17 % (see Fig. 1). 

CE-MS/MS data also allowed the estimation of a LOQ of 1.2 ± 0.6 μg⋅mL-1 and a LOD of 0.4 ± 0.2 μg⋅mL-1, using the 

thresholds of S/N > 10 and 3, respectively (Table 1). Therefore, the method should be acceptable for the quantification 

of IFX in most patient serum samples (typically between 0.5 and 25 μg⋅mL-1). 
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Fig. 2. Sample preparation workflows considered for IFX quantification and characterization in serum by CE-MS/MS analysis include direct diges-

tion of bead-immobilized IFX (protocol A), acid dissociation followed by centrifugal membrane filtration (protocol B, see 2.4.1), or organic solvent 

dissociation and solvent evaporation (protocol C, see 2.4.2). The SIL-IFX internal standard was added prior to digestion for CE-MS/MS signal 

normalization. Reference samples consisted of H2O solution spiked with IFX and SIL-IFX. 

In addition, the recovery yield of bead-based IFX extraction from serum was evaluated by quantifying residual IFX 

using a commercial ELISA assay. Indeed, the residual IFX in the post-extraction “waste” was quantified after extrac-

tion in serum at different initial concentrations of IFX (Fig. S1). The ELISA assays showed almost complete extraction 

of IFX from serum at lower concentrations (>95 %). However, remaining IFX levels were significant for serums spiked 

at 25 μg⋅mL-1, indicating a lower extraction yield at the highest level of concentration (80 ± 5 %). The decrease in IFX 

extraction yield was attributed to the capacity of the TNF-α immobilized on the ferromagnetic beads reaching its limit. 

Similar effects were observed for the other protocols because the affinity extraction conditions were the same (Fig. 2). 

This effect should not affect the performance of the absolute quantification because of the incorporation of the SIL-
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IFX internal standard and because the IFX concentration allows a satisfactory MS signal sensitivity at higher concen-

trations. 

Table 1 Comparison of the three strategies on their process efficiency, their repeatability, their detection, and quantification limits, and their PTM 

visibility for spiked serum with Infliximab at (μg⋅mL-1). 

 Protocol A Protocol B Protocol C 

Process efficiency 62 ± 17 % 19 ± 22 % 58 ± 24 % 

LOD (µg·mL-1) 0.4 ± 0.2 0.8 ± 0.8 0.1 ± 0.02 

LOQ (µg·mL-1) 1.2 ± 0.6 2.8 ± 2.5 0.2 ± 0.1 

CE-MS/MS data were investigated to characterize PTM hotspots concomitantly with IFX quantification. Modified 

peptides usually tend to represent a small percentage compared to their unmodified counterpart; therefore, good sen-

sitivity is required for an unambiguous estimation of the relative proportion of PTMs. As compiled in Table 2, the 

intensity of the MS signal corresponding to the intact peptide and its modified counterpart can be used to independently 

determine the level of modification for different PTMs. However, the analysis of IFX from protocol A resulted in a 

non-systematic characterization of the PTM level for each replicate considered (Table 2). Fig. 3 illustrates the electro-

phoretic separation observed for an IFX-specific peptide described to potentially exhibit an asparagine modification 

(deaN57). Indeed, the asparagine located on the amino acid sequence SINSATHYAESVK is normally deamidated at 

10 % and is interesting to monitor because of its CDR position [32]. For the reference product corresponding to IFX 

submitted only to the digestion process (Fig. 3, a), the electropherograms showed the good separation of both peptide 

forms, highlighting the capacity of CZE conditions to achieve baseline separation due to the presence of the modifica-

tion. In contrast, in serum samples containing IFX prepared using protocol A (Fig. 3, b), the peptides showed partial 

co-migration with other analytes presenting the same m/z. The presence of interfering compounds can induce ion com-

petition in the electrospray ionization source, preventing the detection of lowly abundant ions. In addition, several 

PTMs were difficult to quantify after protocol A, due to a significant background signal. Protocol A involved the 

proteolytic digestion realized directly on the ferromagnetic beads (Fig. 2). Therefore, digests not only contained pep-

tides originating from the mAb of interest, but also from TNF-α and streptavidin immobilized on the surface of the 

beads. As a result, the peptide mixture obtained after digestion contained additional peptides, which drastically in-

creased the possibility of peptides interfering with the CZE separation and/or the MS analysis. Furthermore, CZE-
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MS/MS electropherograms of samples obtained using protocol A showed 20 and 75-fold greater signal intensities for 

peptides corresponding to TNF-α and streptavidin, respectively, compared to the other protocols. Thus, this observa-

tion was also advocating for the existence of ion competition effect, which significantly hinders CE-MS/MS analysis 

due to the sample preparation protocol. Signal interferences also led to poor repeatability of the PTM level assessment. 

Nevertheless, it is important to note for peptides that CE-MS/MS analysis was not impacted by the presence of con-

comitant interferences, the modification levels obtained were similar to the reference samples, emphasizing that the 

extraction protocol does not induce artifactual PTMs. 

 
Fig. 3. Extracted Ion Electropherogram (EIE) of the m/z corresponding to peptide SINSATHYAESVK (m/z = 703.85; 2 + ) for (a) digestion of IFX 

marketed formulation without prior extraction (reference); (b) direct digestion of IFX immobilized on beads (protocol A) and (c) Extraction of IFX 

using H2O/MeOH dissociation and buffer exchange (protocol C) from spiked serum samples. 

The resolution between the peptide forms for deaN and isoD was investigated as an indicator of separation efficiency 

(Table 2). Results showed that protocol A provided a resolution systematically superior to 1.1 for the considered PTMs. 

However, high values of standard deviations could be observed, which was explained by the poor repeatability of the 

transient isotachophoresis (t-ITP) preconcentration step performed at the beginning of the CZE-MS/MS analysis. The 

variability regarding t-ITP was the consequence of significant differences in ionic strength among the replicates which 

impacted the conductivity of the leading electrolyte (LE) composing the sample, resulting in a lower apparent mobility 

of the LE (Fig. S2). Thus, the application of protocol A may not completely remove ions from the treated serum or the 

washing buffer solution. The application of t-ITP generates a stacking effect of the sample content because of mobility 

differences between the BGE and the LE. For that reason, samples which contained a LE demonstrating a higher 

             

                

          
                

             
             

                

  

                                                      

    



 

 

 

 

 

 

14 

apparent mobility provided a more efficient t-ITP pre-concentration. In addition, as mentioned previously, the diges-

tion generated significantly more complex samples due to the presence of TNF-α and streptavidin in important quan-

tities. That complexity influenced the ionic strength of the sample and contributed to the variability of t-ITP precon-

centration. 

Table 2 Summary of PTMs characterization and modification level estimation achieved from CZE-MS/MS analysis for the different sample prep-

aration protocols (n = 5 for each protocol) of IFX initially in serum matrix (at 25 μg⋅mL-1). CZE separation resolution was determined between 

modified and unmodified peptides (n.d. not distinguished). 

 

deaN57 

(H) 

deaN387 

(H) 

deaN137 

(L) 

deaN158 

(L) 

oxiM18 

(H) 

oxiM255 

(H) 

oxiM55 

(L) 

isoD402 

(H) 

isoD283 

(H) 

HT-07 HT-38 LT-10 LT-12 HT-02 HT-22 LC-06 HC-39 HC-24 

R
ef

er
en

c
e
 Modification level (%) 11 ± 3 % 69 ± 5 % 17 ± 5 % 15 ± 5 % 7 ± 4 % 10 ± 6 % 5 ± 4 % 2 ± 1 % 4 ± 1 % 

Identification  

repeatability 
4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4 

Separation resolution 1.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 1.6 ± 0.2 n.d. n.d. n.d. 1.2 ± 0.3 1.4 ± 0.2 

P
ro

to
co

l 
A

 Modification level (%) 21 ± 14 % 62 ± 8 % 13 ± 4 % 15 ± 4 % 12 ± 3 % n.d. n.d. 3 ± 4 % 3 ± 1 % 

Identification  

repeatability 
3/5 5/5 5/5 5/5 4/5 0/5 4/5 3/5 4/5 

Separation resolution 1.6 ± 0.7 1.3 ± 0.6 1.1 ± 0.3 1.7 ± 0.5 n.d. n.d. n.d. 1.1 ± 0.3 1.0 ± 0.3 

P
ro

to
co

l 
B

 Modification level (%) 15 ± 8 % 71 ± 16 % 26 ± 12 % 20 ± 3 % 10 ± 4 % 9 ± 4 % 9 ± 5 % 5 ± 5 % 4 ± 2 % 

Identification  

repeatability 
5/5 3/5 3/5 5/5 5/5 5/5 5/5 3/5 2/5 

Separation resolution 1.3 ± 0.4 0.8 ± 0.4 0.8 ± 0.3 1.4 ± 0.5 n.d. n.d. n.d. 0.9 ± 0.2 1.4 ± 0.4 

P
ro

to
co

l 
C

 Modification level (%) 8 ± 1 % 56 ± 2 % 14 ± 2 % 11 ± 2 % 4 ± 2 % 8 ± 4 % 7 ± 3 % 2 ± 1 % 3 ± 2 % 

Identification  

repeatability 
5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5 5/5 

Separation resolution 1.5 ± 0.4 1.1 ± 0.1 1.0 ± 0.1 1.4 ± 0.3 n.d. n.d. n.d. 1.0 ± 0.1 1.1 ± 0.4 

The development and implementation of sample preparation of protocol A allowed for the successful isolation and 

digestion of IFX from serum samples. Consequently, CE-MS/MS experiments demonstrated the possibility, using the 

sample preparation, of achieving IFX absolute quantification in this type of biological matrix over a concentration 

range corresponding to the levels commonly observed in treated patients. From an experimental point of view, per-

forming proteolytic digestion directly on the ferromagnetic beads represented an interesting alternative to reduce the 

number of consecutive steps required to perform the protocol and limit analyte loss. However, on-beads digestion 
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proved to generate peptide mixtures composed of high concentrations of interferent compounds and unstable ionic 

strength, which dramatically hindered the characterization of PTMs. 

3.2. Acidic buffer dissociation and buffer exchange filtration (protocol B). To improve the data obtained from CE-

MS/MS analysis regarding the characterization and estimation of PTMs, sample preparation was modified in order to 

limit the presence of interferences and prevent excessive ion competition risks. An alternative consists of dissociating 

the interaction between the analyte of interest and the target immobilized on the surface of the ferromagnetic beads to 

prompt the release of analytes from the affinity purification medium. Dissociation is often performed under acidic 

conditions due to its efficiency in destabilizing protein–protein interactions [33]. Citrate dissociation (pH ~ 3–4) has 

been extensively used for mAb elution due to its efficiency [34,35]. Its low pH and ionic strength allow dissociation 

of the interaction of mAbs with their antigens but may alter the conformation of biomolecules. The optimal pH for 

such an operation is around 3, which is not suitable for tryptic digestion due to irreversible inhibition of the proteolytic 

enzyme. Therefore, a buffer exchange step is mandatory prior to sample digestion. The CE-MS/MS sample preparation 

process was modified to incorporate citrate dissociation, consequently to the affinity capture of IFX, followed by buffer 

exchange using ultra centrifugation filtration (protocol B, Fig. 2). Because citrate is lowly volatile, a filtration proce-

dure was implemented for the buffer exchange step with ammonium bicarbonate. The optimization of the sample 

preparation was conducted by altering specific parameters to study primarily their effect on the recovery yield of intact 

IFX in model solutions. 

Concerning centrifugation filtration, the filtration recovery yield was estimated using CE-MS/MS analysis of a water 

solution spiked with a fixed IFX concentration previously treated using different filter cutoffs (cf. 2.4.1.). Results 

showed that filtration recovery yield ranged from 0 % to 45 % depending on the type of filter used. Interestingly, 100 

kDa cutoff filters did not provide good recovery of the mAb, as shown in Fig. 4. This observation could potentially be 

due to the denaturation of the structure of the protein under centrifugation. Therefore, the larger porosity of the filter, 

adapted to globular macromolecules, could not retain denatured mAbs. For subsequent experiments, a 10 kDa cutoff 

filter was selected as it provided optimal recovery yields. Additional centrifugation parameters were also investigated 

to improve recovery yield (Fig. S3). No significant differences could be observed for rotational speeds at 14,000 rcf or 
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20,000 rcf. Nonetheless, lower variability between replicates was observed at lower speed, which was more favorable. 

Two different temperatures were also used during the centrifugation; however, results did not demonstrate any bene-

ficial effect when performing filtration at a lower temperature (Fig. S3). 

 
Fig. 4. Infliximab filtration recovery yield obtained using different filter size cutoff compatible with the treatment of mAbs (experiments performed 

in triplicates). 

The recovery yield of the filtration was further compared for IFX initially spiked in citrate buffer solutions in order to 

simulate samples in similar conditions compared to actual samples obtained after serum affinity extraction. Results 

allowed for an important decrease in the filtration recovery yield for samples containing citrate buffer, as illustrated in 

Fig. 5A. That effect was attributed to the low pH of citrate buffer, which can alter the conformation of the mAb, 

potentially leading to protein denaturation and the formation of aggregates more prone to adsorption on the filter ma-

terial [36]. Thus, citrate has been described as causing more aggregation than other acidic buffers [37]. Dynamic light 

scattering (DLS) was performed to study the denaturation and aggregate formation of IFX in the presence of citrate 

acidic buffer. The average hydrodynamic radius of IFX in water was found to be 9.4 ± 0.4 nm, whereas in citrate 

buffer, the value was increased to 11.4 ± 0.5 nm (Fig. S4). Therefore, the increase of the hydrodynamic radius is 

consistent with the formation of IFX aggregates. In complement, SEC-UV-MALS-RI analysis was performed for IFX 

previously diluted in water or citrate buffer. Chromatograms obtained for IFX solution in water exhibited a single peak 

presenting a retention time of 15.2 min and a molar mass of 150 kDa determined from MALS measurements, corre-

sponding to IFX monomer (Fig. S5). However, no signal could be detected for IFX samples in citrate buffer, including 
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at the retention time corresponding to the exclusion volume of the stationary phase. The absence of a signal corre-

sponding to IFX was potentially due to secondary and tertiary structure changes in the presence of citrate buffer, which 

made it more prone to adsorption to the SEC stationary phase. A similar adsorption phenomenon on the membrane 

material could be responsible for the lower recovery yield observed during the concentration step (Fig. 5A). In order 

to prevent the adsorption of IFX on the membrane, the filtration procedure was modified by the addition of Rapigest® 

surfactant to the sample and dilution in PBS (pH 6.8) prior to introduction into the centrifugation filter. The results 

presented in Fig. 5B showed that the addition of surfactant allowed for a significant increase in recovery yield. There-

fore, the modification of the filtration procedure enabled the restoration of recovery yields comparable to the level 

achieved for IFX samples in water solution. 

The sample preparation protocol with optimized conditions was applied for the treatment of serum samples spiked 

with IFX. CE-MS/MS analysis showed a global process efficiency of 19 ± 22 % (Table 1). The affinity extraction step 

demonstrated a recovery yield ranging from 95 % at lower concentrations to 80 % for 25 μg⋅mL-1 IFX spiked serum 

(Fig. S1). Whereas the filtration provided recovery yields typically around 25 % (Fig. 5B) showing the latter to be 

significantly responsible for the lower process efficiencies compared to the previous protocol. CE-MS/MS data demon-

strated a calculated LOD and LOQ of 0.8 ± 0.8 and 2.8 ± 2.5 μg⋅mL-1 respectively, which might be compatible with 

the analysis of patient serums but revealed a significantly lower sensitivity compared to the previous workflow (Table 

1). Regarding separation, t- ITP efficiency was comparable to the analysis of the IFX reference sample without extrac-

tion which was further explained by similar apparent mobilities of the LE for the two types of samples (Fig. S2). 

Therefore, acidic dissociation allowed to limit detrimental effects on the electrophoretic separation observed when 

digestion was performed directly on the beads. Consequently, this type of sample treatment provided the identification 

of the different PTMs hotspots of IFX, and the modification levels determined were in agreement with the levels 

characterized in the case of reference IFX samples (Table 2). However, it is important to note that a low recovery yield 

will significantly hamper the identification of PTMs presenting a faint level of modification. In addition, CE-MS/MS 

results obtained for samples prepared using this protocol demonstrated important variability both regarding IFX abso-

lute quantification and the estimation of PTM modification levels. Consequently, sample treatment based on acidic 
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dissociation followed by buffer exchange using filtration showed the possibility of improving the compatibility with 

the electrophoretic separation in order to maintain optimal selectivity but presented a decreased robustness, which was 

not found to be favorable to the analysis of an extended number of samples originating from patients. 

 
Fig. 5. Infliximab filtration recovery yield obtained using (A) H2O or citrate buffer solutions and (B) citrate buffer containing different quantities 

of surfactant (SF Rapigest). Experiments were performed in triplicates. 

3.3. Hydro-organic solution dissociation and evaporation (Protocol C). To address the limitations of acidic buffer 

dissociation previously observed, the sample preparation procedure was modified to incorporate dissociation using a 

hydro-organic solution followed by evaporation of the solvent before conventional trypsin digestion (Fig. 2, protocol 

C). The assessment of the protocol presented a process efficiency of 58 ± 16 %, similar to the performance achieved 

when digestion was performed directly on the beads. In addition, results further confirmed that centrifugal filtration 

was responsible for a large part of mAb loss during sample preparation, as described previously in the case of acidic 

dissociation. CE-MS/MS analysis realized for serum samples prepared using the modified protocol demonstrated an 

extremely sensitive detection of peptides specific to IFX used for the quantification, over the relevant concentration 

range. In addition, MS and MS/MS data exhibited minimal background noise due to the elimination of the dissociation 

solvent (Fig. 6). 

LOD and LOQ of the strategy were evaluated to be 0.1 ± 0.02 and 0.2 ± 0.1 μg⋅mL-1, systematically lower than the 

previous protocols and demonstrating a drastic improvement in terms of variability. Therefore, the workflow developed 

would be particularly appropriate for the absolute quantification of mAbs in human serum over a concentration range 
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corresponding to the therapeutic window of IFX and competitive with commercial ELISA quantitative assays. Regard-

ing the electrophoretic separation, t-ITP demonstrated a significant increase of the apparent mobility of the LE, even 

compared to the analysis of the IFX reference sample, which indicated an optimal stacking effect and controlled com-

plexity of the sample due to the evaporation of the dissociation solution. CE-MS/MS data recorded enabled the char-

acterization of all monitored PTMs hotspots, in a systematic manner. Moreover, the level of each modification esti-

mated from serum samples spiked with IFX was similar to the reference product. Therefore, it showed that the affinity 

extraction procedure developed did not affect the level of modification characterized (Table 2). The characterization 

of PTMs also emphasized the conservation of optimal CZE separation selectivity. Indeed, electropherograms showed 

separation of modified and unmodified peptides with performances similar to the analysis of the reference sample (Fig. 

3, c), without the presence of interfering species. The results highlighted that the resolution of deaN and isoD from the 

unmodified counterpart is always greater than 1, which is sufficient to correctly identify the PTMs. 

 
Fig. 6. Infliximab (IFX) and SIL-IFX peptide LT-01 (a) extracted ion electropherogram, (b) MS spectra ions, (c) MS/MS spectra of LT-01 ion. 

 

4. CONCLUSION 

The follow-up of patients treated using mAbs has recently appeared particularly decisive in order to adjust dosing, for 

instance, and more generally to understand their outcome in the serum after administration or the occurrence of an 
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unexpected response. Sample preparation therefore becomes key to successfully achieving the identification, charac-

terization, and quantification of a single protein present in a complex biological matrix. Often, compromises must be 

maintained between practicality, selectivity of the workflow, optimal sensitivity, and compatibility with the subsequent 

analysis. CE separation can be affected due to the composition of the sample, which has limited its use for the analysis 

of biological samples such as serum. 

Thus, a sample preparation workflow tailored for CZE-MS/MS analysis was developed in order to perform the affinity 

extraction, purification, and digestion of mAbs in serum samples corresponding to conditions observed in patients 

treated with that type of biopharmaceutical product. Based primarily on affinity extraction using ferromagnetic beads, 

different approaches were investigated in a systematic manner regarding the different steps concerning IFX dissocia-

tion and proteolytic digestion. Each preparation was assessed from the perspective of extraction efficiency, recovery 

yield, and CZE-MS/MS analysis performances. The different sample treatment procedures allowed us to envisage the 

absolute quantification of IFX in serum samples for a concentration range compatible with the analysis of patient 

samples and the concomitant characterization of PTMs of interest. However, significant alteration of the CZE separa-

tion could be identified when proteolytic digestion was performed directly on the beads due to the presence of a large 

number of interferent species, especially TNF-α and streptavidin peptides, in high concentration compared to the 

mAbs. As an alternative, acidic dissociation was performed, followed by buffer exchange using centrifugation filtra-

tion, in order to be in conditions compatible with the proteolytic digestion. Results demonstrated a significant loss of 

extracted mAbs due to denaturation of the protein in acidic citrate buffer and adsorption on filtration membrane mate-

rial. The adsorption effect resulted in a dramatic reduction of signal sensitivity and an important variability in CZE-

MS/MS analysis. Finally, dissociation using a hydro-organic solution followed by evaporation was implemented. Re-

sults demonstrated a maximized process efficiency and an efficient removal of the dissociation solution that allowed 

for the isolation of the mAbs while preventing the addition of interferent analytes such as peptides or buffer ions. Using 

this protocol, CZE-MS/MS analysis showed the possibility of achieving the quantification of IFX from 0.2 to 25 

μg⋅mL-1. Finally, CZE separation selectivity could be maintained, which provided the separation of peptides presenting 

PTMs from their unmodified counterparts in the case of faint modifications such as deaN and isoD. The systematic 
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study of the different sample preparation workflows allowed us to further understand the critical aspects of protein 

sample preparation for CZE-MS/MS analysis and identify eventual bottlenecks regarding preparation efficiency and 

compatibility. 

The sample preparation developed demonstrated the possibility to perform mAbs analysis in biological samples using 

CZE-MS/MS. As a consequence, the sample preparation developed provides the opportunity to open a novel field of 

applications for the analysis of proteins in heavily complex biological samples. 
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