
HAL Id: hal-04616945
https://hal.science/hal-04616945v1

Submitted on 16 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Analysis of Monoclonal Antibodies by Capillary
Electrophoresis: Sample Preparation, Separation, and

Detection
Meriem Dadouch, Yoann Ladner, Catherine Perrin

To cite this version:
Meriem Dadouch, Yoann Ladner, Catherine Perrin. Analysis of Monoclonal Antibodies by Capillary
Electrophoresis: Sample Preparation, Separation, and Detection. Separations, 2021, 8 (1), pp.4.
�10.3390/separations8010004�. �hal-04616945�

https://hal.science/hal-04616945v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


separations

Review

Analysis of Monoclonal Antibodies by Capillary
Electrophoresis: Sample Preparation, Separation, and Detection

Meriem Dadouch , Yoann Ladner and Catherine Perrin *

����������
�������

Citation: Dadouch, M.; Ladner, Y.;

Perrin, C. Analysis of Monoclonal

Antibodies by Capillary

Electrophoresis: Sample Preparation,

Separation, and Detection. Separations

2021, 8, 4. https://doi.org/10.3390/

separations8010004

Received: 23 October 2020

Accepted: 23 December 2020

Published: 4 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institut des Biomolécules Max Mousseron (IBMM), UMR 5247-CNRS-UM-ENSCM, Université de Montpellier,
34093 Montpellier, France; dadouch.meriem@gmail.com (M.D.); yoann.ladner@umontpellier.fr (Y.L.)
* Correspondence: catherine.perrin@umontpellier.fr; Tel.: +33-4-1175-9592

Abstract: Therapeutic monoclonal antibodies (mAbs) are dominating the biopharmaceutical field
due to the fact of their high specificity in the treatment of diverse diseases. Nevertheless, mAbs are
very complex glycoproteins exhibiting several macro- and microheterogeneities that may affect their
safety, quality, and efficacy. This complexity is very challenging for mAbs development, formulation,
and quality control. To tackle the quality issue, a combination of multiple analytical approaches is
necessary. In this perspective, capillary electrophoresis has gained considerable interest over the last
decade due to the fact of its complementary features to chromatographic approaches. This review
provides an overview of the strategies of mAbs and derivatives analysis by capillary electrophore-
sis hyphenated to ultraviolet, fluorescence, and mass spectrometry detection. The main sample
preparation approaches used for mAb analytical characterization (i.e., intact, middle-up/down, and
bottom-up) are detailed. The different electrophoretic modes used as well as integrated analysis
approaches (sample preparation and separation) are critically discussed.

Keywords: therapeutic monoclonal antibodies; sample preparation; capillary electrophoresis; mass
spectrometry; characterization; quality control

1. Introduction

Therapeutic monoclonal antibodies (mAbs) target specifically antigens and have
proven their efficacy in many human diseases, especially autoimmune diseases (rheumatoid
arthritis, lupus, psoriasis, inflammatory bowel diseases), cancers (breast, lung, colorectal,
and hematological cancers). Their humanization has greatly enhanced their biocompatibil-
ity and decreased their side effects such as immunogenicity. The clinical success of mAbs
has expanded their application domain to other pathologies such as infectious, migraine,
asthma, and hereditary diseases [1]. Approximately 80 mAbs have been approved by
the Food and Drug Administration (FDA) and European Medicines Agency (EMA) [2,3],
which constitute the most important class of biopharmaceuticals. Monoclonal antibodies
accounted for $150 billion in total sales in 2019, and they are expected to double in profit
by 2025 [3].

Monoclonal antibodies are highly complex glycoproteins from the immunoglobulin
G class with a large molecular weight (MW ≈ 150 kDa). They consist of two light chains
(LC, MW ≈ 25 kDa) and two heavy chains (HC, MW ≈ 50 kDa) of polypeptides linked
together by inter-chain disulfide bonds and non-covalent interactions (Figure 1). Intra-chain
disulfide bonds form constant and variable domains in the polypeptide chains [4]. Variable
domains comprise complementarity determining regions (CDRs) that are considered as
signature peptides responsible for antigen-binding specificity [5]. The constant region is
characteristic for a given immunoglobulin class (IgG, IgM, IgA, and IgE) or subclass (IgG1,
IgG2, IgG4). Monoclonal antibodies are the products of a long manufacturing process
wherein many post-translational modifications (PTMs) occur on the polypeptides chains
like N-terminal pyroglutamate formation, C-terminal lysine truncation, and glycosylation,
adding another level of complexity [6]. Biantennary glycans are linked to an asparagine
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residue in the heavy chain and some mAbs possess several glycosylation sites on HCs and
LCs such as cetuximab [7]. These N-glycans are highly heterogeneous and affect the anti-
inflammatory properties of mAbs resumed on the following effector functions: antibody
dependent cell-mediated cytotoxicity (ADCC) and complement dependent cytotoxicity
(CDC) [8]. Other enzymatic, physical, and chemical modifications can occur during the man-
ufacturing steps of mAbs. These modifications may cause micro-variations in size and/or
charge (e.g., asparagine deamidation, pyroglutamate formation, methionine oxidation,
C-terminal clipping, and cysteine-related modifications) or promote macro-variations such
as denaturation, fragmentation or aggregation [6,9]. The majority of micro-heterogeneities
are considered critical quality attributes (CQAs) because they may alter the pharmacoki-
netic and pharmacodynamic properties of mAbs such as half lifetime, antigen binding,
anti-inflammatory property, or increase their immunogenicity [10,11]. The International
Conference on Harmonization (ICH), FDA, and EMA guidelines as well as pharmacopeia
monographs require the physicochemical characterization of micro-heterogeneities and the
evaluation of their impact on the quality, efficacy, and safety of mAbs [12].
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Figure 1. Schematic structure of IgG1monoclonal antibody.

The high complexity (large size with several microheterogeneities) of mAbs poses a
great analytical challenge. Indeed, a panel of analytical techniques is used for the physico-
chemical characterization of mAbs (chromatography, electrophoresis, mass spectrometry
(MS), and spectroscopic techniques) at different levels: (i) the protein level following the
intact and middle-up/down approaches; (ii) the peptide level following the bottom-up ap-
proach [13]. Among them, capillary electrophoresis (CE) has gained considerable interest
due to the fact of its high resolution and efficiency of separation of mAbs and deriva-
tives [14,15]. It has found many applications in the physicochemical characterization of
mAbs and mAbs derivatives including peptide mapping, site-specific characterization, gly-
cosylation profiling, charge and size heterogeneity assessment, impurities analysis, such as
host cell proteins (HCPs), biosimilarity assessment, and stability determination [14]. Capil-
lary electrophoresis has proven its ability for the determination of drug-loaded distribution
and drug-to-antibody ratio (DAR) for antibody–drug conjugates (ADC). Additionally, CE
is adapted for the integration of sample preparation and chemical/enzymatic reactions
with separation and detection.
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In this review, analytical considerations for sample preparation, separation modes,
and detection are pointed out. First, the sample preparation required for each approach is
detailed (i.e., bottom-up, middle-up, intact, released glycans, and derivatization). Then,
the analyses of mAbs by the different CE modes (i.e., capillary zone electrophoresis, capil-
lary gel electrophoresis, capillary isoelectric focusing, and micellar electrokinetic capillary
chromatography) are discussed. Analytical conditions, specific sample preparation require-
ments, methods optimization, identification with MS, miniaturization, and automation
were also considered.

2. Sample Preparation of Monoclonal Antibodies
2.1. Analytical Considerations

Sample preparation is an intricate part of the development of mAbs characterization
methods whatever the used analytical technique. Careful consideration of the physicochem-
ical properties of the mAbs samples as well as the CE mode used is required. Monoclonal
antibodies formulations usually contain mAbs at high concentrations (10 to 100 g/L),
buffers (e.g., phosphate, citrate, acetate), salts (e.g., sodium chloride), and excipients
(e.g., sucrose, trehalose, polysorbate 80) at relatively high concentrations [16]. These latter
components ensure the stability of the formulation [17].

Such as any biological, mAbs solutions are stored as aliquots at −20 ◦C. Freeze–thawing
may induce aggregation, oxidation, hydrolysis, and pH changes that directly affect mAb
stability [18,19]. Consequently, specific considerations have to be taken into account, in-
cluding the selection of containers, pretreatment, freezing process, freeze–thaw cycles, and
concentration of solutions. It is recommended to store mAbs solutions without any dilution
or reconstitution in a buffer solution.

As high concentrations of mAbs, salts, excipients, and buffers may affect analytical
performance. Consequently, sample preparation involves a dilution of mAb solution fol-
lowed or not by desalting. Monoclonal antibodies are usually diluted to 0.2–2 g/L in water
or appropriate buffer in the case of sample preparation with enzymatic digestion (e.g., phos-
phate, NaCl, acetate, bicarbonate) [20]. Salts in mAbs are a source of peak broadening,
resolution decrease, and joule heating in CE [21], ion suppression and adduct formation
in MS [22]. A desalting step is usually added for salt or proteolysis buffer removal. Buffer
exchange with centrifugal filters and elution in resin columns are the two main methods
used for desalting.

From an analytical point of view, dilution and desalting may decrease detection sen-
sitivity, especially for minor species and impurities. Moreover, dilution/desalting may
alter mAbs stability [18]. The characteristics of mAb solution after dilution/desalting (com-
position, ionic strength, pH, temperature, and mAbs concentration) affect the solubility,
isoelectric point (pI), hydrodynamic radius, micro-heterogeneities, and higher-order struc-
ture of mAbs [23]. Otherwise, each sample preparation step is critical and may induce
changes related to the exposure of mAbs to novel conditions and influence analysis out-
comes. As a consequence, the effect of the conditions of sample preparation should be
evaluated carefully to conduct a confident characterization of mAbs. Other considerations
relatives to specific approaches, electrophoretic techniques, and MS are discussed below.

2.2. Sample Preparation Approaches

Monoclonal antibodies are characterized following intact, middle-up, bottom-up, and
released N-glycans approaches that are schematically depicted in Figure 2. The sample
preparation required is thoroughly discussed in this section.
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2.2.1. Intact and Top-Down

Sample preparation for intact and top-down approaches is the simplest. It includes
fewer steps (dilution ± desalting) and presents a low risk to introduce modifications as
the sample is not exposed to high temperature. It allows the determination of the exact
molecular weight of mAbs and the quick assessment of certain microheterogeneities such
as glycosylation.

This approach can be associated with carboxypeptidase B (CP-B) digestion to re-
move C-terminal lysine and deglycosylation to reduce the complexity and facilitate data
interpretation by eliminating some sources of heterogeneity [24].

Derivatization reactions are often performed to enhance the sensitivity of capillary
zone electrophoresis (CZE) and capillary gel electrophoresis (CGE) methods and allow
the detection of low abundant variants. The choice of labeling reagent for the analyses of
charge variants of intact mAbs must take into account several requirements that have been
summarized by Han et al. [25]: (i) the reactive groups that can be engaged in the derivatiza-
tion reaction should be commonly present in the mAb; (ii) the conjugation should not have
a significant effect on the charge and size of charge variants; (iii) the fluorescent reagent
should have effective absorption and emission according to instrument specifications.

Derivatization reactions are performed under adequate pH, buffer composition, ratio
dye/substrate, temperature, and incubation time. The Cy5 NHS-ester has been used for
the derivatization of intact mAbs; it provides selective derivatization of N-terminus and
ε-amino groups of lysine residues. It replaces the intrinsic positive charge of lysine residues
after conjugation. It has enhanced the detection of minor charge variants by a microchip
CZE system [25]. The 5-carboxy tetramethyl rhodamine succinimidyl ester (5-TAMRA.SE)
is another fluorescent dye adapted with CGE-sodium dodecyl sulfate (SDS) analyses. It
increases the molecular weight by 413 Da [26]. The excess removal and inclusion of other
steps, such as alkylation, should be evaluated.

2.2.2. Middle-Up/Down

The middle-up approach is performed with a less complicated sample preparation
than bottom-up and more accurate MS characterization than the intact approach. Otherwise,
it offers a site-specific characterization of mAbs and complementary information with intact
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and bottom-up approaches. It involves the analysis of mAbs subunits, which are generated
in different ways:

Enzymatic Digestion

Enzymatic digestion is performed using enzymes from bacteria with high specificity
for a single cleavage site. The digestion is generally performed at pH 6–8 and 37 ◦C in
various buffers (e.g., phosphate, ammonium bicarbonate, tris-HCl) [20]. Papain, IgdE (IgG-
degrading enzyme from Streptococcus suis), Kgp (lysine-specific gingipain), and SpeB (Strep-
tococcal cysteine proteinase) cleave over the hinge region, yielding F(ab) (MW ≈ 50 kDa)
and Fc (MW ≈ 50 kDa) subunits [27]. The Kgp is active under mild reducing conditions
(2 mM cysteine), whereas SpeB is active under reducing conditions [28]. The IdeS (Im-
munoglobulin G degrading enzyme from Streptococcus pyrogenes) cleaves under the hinge
region of mAbs to obtain F(ab)2 (MW ≈ 100 kDa) and Fc/2 (MW ≈ 25 kDa) subunits [29].
It is the most popular for the characterization of mAbs by CE due to the fact of its fast and
efficient enzymatic activity.

Reduction

Partial reduction of disulfide bonds resulting in HC (MW ≈ 50 kDa) and LC
(MW ≈ 25 kDa) chains. Reducing agents such as dithiothreitol (DTT), tris(2-carboxyethyl)
phosphine (TCEP), and 2-mercaptoethanol (2-ME) are commonly used for mAbs reduction.
Dithiothreitol is the most used reducing agent for mAbs reduction [19]. It is active at
neutral conditions (pH 6 to 8) and widely used because the reaction can be quenched
by acidification. Tris(2-carboxyethyl)phosphine is odorless, less susceptible to oxidation,
active under wide pH range (pH 2 to 8), and unreactive towards other functional groups of
proteins [30]. The reduction is usually performed with a concentration ranging from 5 to
100 mM of reducing reagent under heating (25–90 ◦C) for 10 to 60 min.

Multiple Reactions

Enzymatic digestion and reduction (IdeS digestion followed by disulfide bonds reduc-
tion with DTT or TCEP, SpeB digestion under reducing conditions). This approach is used
to decrease the complexity of mAbs subunits and enhance electrospray ionization by reduc-
ing their molecular weight yielding the subunits (LC, Fd, and Fc/2, MW ≈ 25 kDa). As the
IdeS enzyme does not contain disulfide bonds [31], the digestion and reduction steps can
be combined without affecting the IdeS structure and activity. This combination decreases
the time required for incubation and makes the sample preparation more straightforward.
Combined or successive digestions with two enzymes such as IgdE and IdeS. This strategy
allows hinge region isolation as well as disulfide bridges and free thiol investigation [32].

2.2.3. Bottom-Up

Therapeutic mAbs are frequently analyzed by the bottom-up approach. It is the
conventional approach used to determine the primary structure, PTMs and degradation
sites. Monoclonal antibodies are enzymatically digested into peptides within the range
~500−4000 Da. The resulting peptides are submitted to peptide mapping by peptide mass
fingerprinting or peptide fragment fingerprinting using a separative technique followed
by MS or tandem MS [33,34].

Sample preparation is the key of efficient peptide mapping. It involves long steps
of sample processing that take a considerable amount of time. It comprises pretreatment
steps to render cleavage sites accessible to enzyme followed by digestion (Figure 2). Many
factors are taken into account for sample preparation: digestion efficiency, compatibility
of reagents with the separation technique conditions and MS detection, and control of
the matrix effects. The majority of prior research at the bottom-up level has applied the
following steps as depicted in Figure 2.
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Denaturation

The first step is denaturation with a chaotropic reagent or surfactant to solubilize
the mAbs:

- Urea destabilizes mAbs by the formation of hydrogen bonds [35]. However, it decom-
poses into isocyanic acid with time and heat, causing mAbs carbamylation that induces
mass artifacts of 43 Da [36]. Carbamylation depends on temperature, incubation time,
and pH. It can be minimized by using a buffer containing ammonium ions [37];

- Guanidine hydrochloride denatures proteins by different mechanisms and is chemi-
cally more stable and effective than urea [35,38]. However, its presence in the digestion
buffer is not desirable as it denatures many enzymes and, therefore, its removal can
be required before digestion [39];

- RapiGest® (sodium 3-((2-methyl-2-undecyl-1,3-dioxolan-4-yl)methoxyl)-1-propane
sulfonate) is an efficient surfactant compatible with different enzymes. It is also com-
patible with MS analysis due to the fact of its acid-labile character [40]. It causes protein
unfolding and is cleaved by adding formic acid at the end of digestion. Consequently,
it does not interfere with electrophoretic separation and MS detection.

Reduction and Alkylation

In the second step, disulfide bonds are completely broken by a reduction step. There is
a panel of reducing agents: DTT, TCEP, 2-mercaptoethanol (2-ME), and tris(3-hydroxypropyl)
phosphine (THPP) [41]. Dithiothreitol is the most used reducing agent for mAbs reduc-
tion [27]. Ethylenediaminetetraacetic acid (EDTA) is sometimes added to prevent undesired
methionine oxidation during the reduction step [39]. Denaturation and reduction steps can
be combined to decrease the overall incubation time of the pretreatment step [36].

After reduction, alkylation is usually performed with iodoacetamide or iodoacetic
acid in the dark. The alkylating reagent is added in excess to block the free thiols and
prevent disulfide bonds reformation. This step is not necessary when accelerated digestion
is performed [42]. Differential alkylation of free cysteine residues is a strategy to measure
free thiol levels. It comprises two alkylation steps with two distinct alkylating reagents;
first, free thiols are alkylated under denaturing conditions. This step is followed by mAbs
reduction and alkylation of reduced cysteines. This strategy allows accurate quantitation
of free thiols by peptide mapping. Differential alkylation is usually performed with a
maleimide alkylating reagent at acidic pH to avoid artificial free thiol formation or disulfide
scrambling [43]. Alkylation with iodoacetamide is sometimes quenched by adding an
excess of DTT to avoid overalkylation [44].

Digestion

In-solution digestion is most frequently performed by trypsin, a highly specific serine
protease cleaving at the C-terminal side of the basic residues lysine and arginine, except
when followed by proline. Trypsin is widely used because of its availability and low
cost [45,46]. Lysyl endopeptidase C (Lys-C) is an alkaline protease that cleaves specifically
at the carboxyl side of lysine [45,47]. Other enzymes, such as pepsin [48] and glut-C [49],
are less used.

The digestion efficiency is highly dependent on sample preparation factors, including
enzyme specificity, buffer pH, buffer composition, ratio enzyme/substrate, incubation time,
temperature, sample properties. It is determined from the sequence coverage and the levels
of missed-cleavages, non-specific cleavages, and enzyme autolysis. Modified and stabilized
enzymes have been developed to increase the digestion efficiency and decrease enzyme
autolysis, like modified trypsin by reductive methylation. The choice of digestion buffer is
highly critical. Its composition and pH influence the enzyme activity. For tryptic and Lys-C
digestion, tris-HCl and ammonium bicarbonate are commonly used at pH around 8.0 [27].
It also affects the level of some PTMs of the analyzed antibody. For example, ammonium bi-
carbonate is known to increase the deamidation of asparagine [50]. The presence of calcium
in the digestion buffer enhances the trypsin stability and activity [51]. The conditions of
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effective digestion (pH 7.0–9.0 and overnight incubation at 37 ◦C) usually induce unwanted
or artificial modifications. For example, asparagine deamidation, methionine oxidation, and
release of sialic acids are promoted by elevated temperature and long incubation time [52].
Multiple enzymatic digestions with a combination or successive use of proteases have
been proposed to achieve maximal sequence coverage (e.g., tryptic and Lys C digestions
combination) [53]. Digestions with trypsin and Lys-C are usually ended by adding formic
acid, trifluoroacetic acid, or an excess of reducing agent to prevent the over-digestion of
mAbs or the autodigestion of trypsin.

Different strategies were proposed to limit the artificial modifications occurring dur-
ing sample preparation like the implementation of the digestion in enriched 18O water to
differentiate artificial deamidation [54,55] and digestion with low pH resistant Lys-C [56].
Accelerated digestion procedures were also suggested to minimize artifacts and decrease
incubation time like microwave-assisted digestion, pressure cycling technology (PCT)
assisted tryptic digestion [57], and infrared radiation assisted digestion [51]. Automated
procedures have also been suggested to decrease the time and reactants required for sam-
ple preparation. Many immobilized trypsin-based microreactors have been developed in
columns [58,59] or in-capillaries [60]. Other straightforward strategies have been proposed
to accelerate the tryptic digestion, avoid reagent waste and realize fully automated analy-
ses: electrophoretically mediated microanalysis (EMMA) [61] and transverse diffusion of
laminar flow profile (TDLFP) [62].

2.2.4. Released N-glycans
Deglycosylation

N-glycans are generally released using an endoglycosidase peptide N4-(N-acetyl-
b-glucosaminyl) asparagine amidase (PNGase-F). It cleaves N-glycans (high mannose,
hybrid and complex oligosaccharides) between N-acetylglucosamine (GN) and asparagine
residues of mAbs.

Deglycosylation should consider the possible loss of labile residues, such as sialic acid,
especially for the longer incubation times and high temperatures required for PNGase-F
digestion [63]. Endoglycosidase EndoS1 and EndoS2 release N-glycans by cleaving the
β-1,4 linkage between the two (GN) [64]. These bacterial enzymes exhibit fast reactions,
but the first (GN) in the core N-linked glycan is left attached to the glycosylation site; its
fucosylation cannot be studied at the glycan level. The combination of EndoS and IdeS
digestion allows the determination of fucosylation by MS [65].

N-glycan Labeling

Analyses of released N-glycans require a derivatization step with a fluorescent label.
Derivatization is applied to enhance electrophoretic separation by introducing a negative
charge to the neutral glycans and detection by fluorescence as they do not absorb in
UV. The derivatization is a reductive amination reaction that involves a labeling reagent
containing an amine group and a reducing reagent. 1-Aminopyrene-3,6,8-trisulfonic acid
(APTS) is the most used fluorophore. 2-Amino-naphthalene trisulfonic acid (ANTS) and
2-aminobenzoic acid (2-AA) are adapted for electrophoretic methods but are less used.
Sodium cyanoborohydride is a toxic catalyzer widely used for reduction. 2-Picoline borane
has been proposed as a non-toxic alternative reagent [66]. The labeling step is followed by
a purification step to remove the labeling reagent excess and concentrate the sample. The
solid-phase extraction method is generally used for purification [67].

The sample preparation of N-glycans is complicated and time-consuming. Varadi et al.
used magnetic beads to develop a fast automated sample preparation method. After the
deglycosylation step, carboxy-coated magnetic beads were added to the sample to capture
released glycans. They introduced acetic acid as a catalyst and a high APTS concentration
to enhance labeling efficiency [68]. Szigeti et al. described the method improvement above
to perform ultrafast, large scale, and fully automated sample preparation [69].
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N-glycan Sequencing

Different exoglycosidases (α or β-mannosidase, α-fucosidase, β-galactosidase, and
neuraminidase) are used to confirm the identity of released glycans without the need for
MS [70].

3. Capillary Electrophoresis Analyses

Capillary electrophoresis has found different applications in the development and
quality control of monoclonal antibodies. Capillary electrophoresis is considered as a
powerful technique for biomolecule analysis as well as sample preparation as it offers
the possibility to implement all analysis steps in an automated manner. It also presents
complementary and alternative features to liquid chromatography. Technical and analytical
considerations required for each CE mode from sample preparation to analysis conditions
are critically discussed.

3.1. Capillary Zone Electrophoresis (CZE)
3.1.1. Technical Considerations

Capillary zone electrophoresis is the most used CE mode for mAbs analysis, as its
separation mode based on charge to hydrodynamic ratio allows the analysis of mAbs at
different levels (intact, middle-up, and bottom-up) with high resolution and efficiency. Cap-
illary zone electrophoresis is a cost-effective technique with high flexibility. Thanks to the
absence of the stationary phase, it is adapted with sample preparation (in-line preconcen-
tration, in-line digestion, aqueous solvent, enzymes, temperature control), electrophoretic
separation (denaturing or native conditions), and on-line detection (UV, LIF, MS) [14]. It is
well suited for the investigation of charge and size heterogeneities of mAbs.

• Capillary coating

Adsorption of analytes to the capillary wall is a major issue that affects the perfor-
mance of CZE analyses. It alters analyses repeatability, peaks efficiencies, and causes
a loss of mAbs [71]. Dynamic coating with polymers such as cellulose derivatives (hy-
droxypropyl methylcellulose (HPMC) or hydroxypropyl cellulose (HPC)), polyethylene
oxide (PEO), or polyamines such as triethylenetetramine (TETA) are adsorbed reversibly to
the capillary wall and are usually used as additives to the background electrolyte (BGE)
to avoid adsorption, modulate EOF and improve analyses repeatability. These coatings
were successfully used in several publications to achieve high-resolution charge variants
separation at the intact level and mAbs mixtures [72,73]. However, dynamic coatings are
not appropriate in coupling CZE with MS because they cause high background signals,
ion suppression, and ion source contamination [74]. Permanent coatings are well suited
for their high stability; they are adsorbed irreversibly or covalently bonded to the capil-
lary wall. Neutral coatings, such as linear polyacrylamide (LPA) [75], polyvinyl alcohol
(PVA) and positively charged coatings, such as cross-linked polyethyleneimine (c-PEI),
1-(4-iodobutyl) 4-aza-1-azoniabicyclo [2,2,2] octane iodide (M7C4I), are commonly used for
the analyses of mAbs [76].

• MS-based detection modes

Capillary zone electrophoresis is commonly coupled to on-line optical detector (UV,
(LIF)) and/or MS to allow structural characterization. Electrospray mass spectrometry
(ESI-MS) with sheath liquid or sheathless interfaces is the main MS system used for mAbs
characterization. The interfaces developed to ensure a closed electrical circuit and stable
electrospray have been reviewed in several papers [77–81]. The sheath liquid interface
uses a coaxial sheath-liquid that mixes with the CZE effluent. It is generally composed of a
mixture of aqueous solution and organic modifier (e.g., methanol, isopropanol) to enhance
ionization efficiency. This interface suffers from suction and dilution effects that can affect
the resolution of separation and detection sensitivity [82]. A nano-sheath flow interface
has been proposed with several setups to deal with these drawbacks [83]. The sheathless
interface consists of a porous tip at the capillary outlet connected with a conductive liquid
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reservoir. It undergoes a low flow rate, zero dilution effect, and is the most used for
mAbs characterization due to the fact of its better sensitivity and selectivity than previous
interfaces [84,85]. ESI requires volatile solutions and is incompatible with salts presence
that causes adducts formation and ion suppression [86].

Off-line coupling with MALDI-MS has also been developed by a direct collection
and deposition of separated fractions of the sample, followed by matrix deposition [87].
This approach has the advantage of tolerating the presence of salts in the sample and
BGE, but has a limited resolution that can compromise the confident characterization of
micro-heterogeneities at the intact and middle-up levels [24].

3.1.2. CZE Analyses

Sample preparation, choice of BGE conditions (nature, pH, and ionic strength), and
capillary surface are key elements for successful CZE analyses. The choice of the pH should
consider the mAb or subunits solubility together with the capillary coating stability as well as
the detection type in the case of hyphenation with MS. The most used analysis conditions for
CZE analysis are briefly presented in Table 1. Capillary zone electrophoresis characterization
of mAbs can be performed either at the intact, middle-up or bottom-up level:

Intact and Middle-Up Approaches

Intact and middle-up characterization provides complementary information to the
bottom-up approaches and could be considered as alternatives for fast characterization of
certain microheterogenities like glycosylation and charge heterogeneity at the protein level.
Intact mAbs analyses are usually followed by middle-up analyses to get high resolution
of MS spectra and allow site-specific characterization. The flexibility of CZE allows the
performance of analyses under wide conditions (denaturing or native conditions).

• Analyses under non-compatible conditions with MS detection
Capillary zone electrophoresis-UV is frequently used to evaluate charge heterogeneity
of several mAbs at the intact and middle-up levels in routine analyses [73,88,89]. An
intercompany study has demonstrated its high performance for analyses of a broad
range of mAb pI and its suitability for good manufacturing practice (GMP) environ-
ment [88]. A comparative study revealed its higher performance on the separation
of charge variants over cIEF [90]. He et al. showed that the charge differences be-
tween variants are pH dependent and their separation occurs at pH closer to the pI of
mAbs. Furthermore, mAbs have a limited solubility at pH around their pI and tend to
precipitate [91]. Consequently, the pH of the BGE and the sample buffer should be
chosen carefully.
6-Aminocaproic acid-based BGE is a standard BGE for mAbs analyses with CZE–UV
due to the fact of its zwitterionic properties and low conductivity [92,93]. It is often
used at high ionic strength to lower EOF and enhance separation resolution [73].
6-Aminocaproic acid/citric acid at lower ionic strength provided a high resolution
of separation and peak efficiencies for analyses of infliximab subunits after IdeS di-
gestion [94]. Additives can be added in the sample buffer or BGE to enhance peak
shape or resolution. Urea was added to BGE to partially separate disulfide isomers
of an IgG2 mAb [95]. Several studies reported the optimization of BGE composition.
Suba et al. used a “two-phase-four-step” approach for rapid optimization of BGE
(6-aminocaproic acid, TETA, and HPMC) for analyses of intact and papain digested
mAb samples [96]. Moritz et al. applied the design of experiments approach (DoE)
for the optimization of analysis conditions. The impact of several parameters of BGE,
including TETA concentration, pH value, polymer additive (HPC versus HPMC), and
other additives (butanolamine and acetonitrile) were investigated [97].
Despite its high performance and cost-effectiveness, CZE–UV does not allow the
identification of separated peaks. The conditions above cannot be used in CE–ESI–
MS as 6-aminocaproic acid-based BGEs are not volatiles. A heart-cut CZE–CZE–MS
system was developed to perform separation and quantitation of charge variants by
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6-aminocaproic acid-based CZE–UV by the first dimension and acetic acid-based CZE–
MS to establish their identities and modifications [92]. Asymmetric conditions of BGE
have been developed to characterize digested cetuximab with IdeS by off-line CZE–UV
coupled to MALDI-MS via a fraction collection platform [98,99]. Inlet BGE was based
on 6-aminocaproic acid/acetic acid; outlet BGE was based on ammonium acetate to
allow good crystallization of collected fractions in the matrix 2,5-dihydroxybenzoic
acid in 0.1% trifluoroacetic acid/acetonitrile (TFA/ACN; 30/70, v/v) deposited on the
MALDI plate. The developed conditions allowed the separation of F(ab)2 glycoforms
with NGNA residue [24,99].

• Analyses under MS-compatible conditions
The CZE–ESI–MS system requires the use of volatile solutions and is incompatible
with the presence of salts that would cause adduct formation and ion suppression. As
a consequence, the choice of the sample matrix and BGE is pretty limited for CZE–ESI–
MS. Acetic acid, formic acid, and ammonium acetate are typical for the analyses of
mAbs in CZE–ESI–MS.

# Denaturing conditions Denaturing conditions of sample buffer and BGE cause
the mAbs unfolding and dissociate non-covalent interactions. Consequently,
ESI efficiency is enhanced (an increase of charge state) and proper investigation
of microheterogeneities is done.
Samples are sometimes prepared in denaturing solutions that consist in aque-
ous solutions of acid and organic solvent such as acetonitrile, methanol, and
isopropanol to reduce sample zone conductivity and enhance the resolution of
separation. The presence of reduced mAbs in an aqueous solution of 35% acetic
acid/50% acetonitrile (v/v) favored sample stacking and allowed the injection
of 7% of the capillary volume [100]. A 0.2% acetic acid/10% isopropanol (v/v)
aqueous solution was used as a sample buffer and BGE for analyses of different
intact mAbs and an ADC in a microfluidic system coupled to MS. The results
allowed the characterization of partially separated charge variants as clipping
of C-terminal lysine and their related glycoforms. In addition to these pieces of
information, the drug-to-antibody ratio was determined after full CZE separa-
tion of the ADC charge variants [93,101]. In another study, an aqueous solution
of 15% acetic acid/15% acetonitrile (v/v) was used as a sample buffer for high
resolution of separation of subunits of reduced, digested, digested-reduced
mAb as well as their characterization with sheath-liquid CZE–MS and neutral
coating [102].
Acidic BGE (pH < 3) is often used to separate variants or subunits of mAbs
and enhance ESI efficiency. Acetic acid is used instead of formic acid for CZE
separations due to its very low conductivity that avoid joule heating [103].
Additives such as organic solvents are sometimes used to enhance variants sol-
ubility and decrease hydrophobic interactions between them [97]. Acetic acid
BGE was used to perform sheathless CE–MS with a neutral coating to perform
separation and assignment of intact nanobodies and their deamidated and
truncated forms at the C-terminal tag. Moreover, isomeric deamidated prod-
ucts were efficiently separated. The heterogeneity of intact and IdeS digested
mAbs (trastuzumab, infliximab, and ustekinumab) was also investigated. The
F(ab)2 and Fc/2 fragments were highly resolved and partial separation of Fc/2
charge variants was obtained [75]. Georgetti et al. optimized the composi-
tion of sample buffer and % of acetic acid BGE. Intact or digested mAbs were
prepared in an aqueous solution of 1% formic acid/30% methanol (v/v) after
desalting and 3% acetic acid was used as BGE. These conditions allowed the
partial separation of charge variants, di-glycosylated, and mono-glycosylated
forms of different intact mAbs. In addition, complete or partial separation
and characterization were achieved for IdeS digestion products, IdeS diges-
tion followed by reduction products as well as their variants with positively
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charged coating [104,105]. Belov et al. performed high resolution separation of
charge variants, deamidated forms, sialylated, and non-sialylated glycoforms
with MS/MS confirmation at the middle-down level. Even bi-, mono- and
non-glycosylated forms of a mAb were separated at the intact level using 0.2%
formic acid/10% isopropanol (v/v) BGE and M7C4I coating [76]. Nevertheless,
unwanted modifications of microvariations can be induced by the exposure
of mAbs to these conditions, such as loss of sialic acid of N-glycans, which is
considered as a critical quality attribute [106,107].

# Non-denaturing conditions
Ammonium acetate is the core sample buffer and BGE for native or near-
native CZE-ESI-MS characterization (pH 5.0–7.0). It preserves non-covalent
interactions and conformational heterogeneity of mAbs due to the fact of its
volatility. Francois et al. characterized the Fc/2 dimers formed by non-covalent
interactions by CE–MS [24]. They used ammonium acetate as a sample buffer
for sheathless CE–MS infusion of collected fractions after CZE separation.
Said et al. performed a sheathless CE–MS infusion to estimate the drug load
distribution and the drug-to-antibody ratio (DAR) of intact ADC (bretuximab-
vedotin) as well as its subunits after IdeS digestion by sheathless CE–MS [108].
Dadouch et al. used ammonium acetate both as BGE and proteolysis buffer for
in-line middle-up analyses of infliximab because of its compatibility with IdeS
digestion. They implemented the in-line methodology with TDLFP mixing
and simplified procedure using plug–plug mode for reactants injection and
temperature control. The methodology provided complete in-line digestion
and separation, a significant decrease in reactant consumption and digestion
time, and higher peak efficiency comparing with the off-line assay. The di-
gestion products and Fc/2 dimers were identified by sheathless CE–MS [94].
Carillo et al. achieved partial separation of charge variants of trastuzumab and
bevacizumab by µCE–ESI–MS with ammonium acetate/DMSO BGE analyses.
Charge variants profiles were determined and related glycoforms, particularly
sialylated N-glycans, were identified and relatively quantitated with high ac-
curacy and sensitivity [109]. Ammonium acetate has also been employed for
the assessment of mAbs stability and aggregate formation. Belov et al. char-
acterized non-covalent dimeric aggregates, their glycosylation profile and the
glycan pairing of intact trastuzumab [110]. Minh et al. studied the unfolding
and aggregation of stressed infliximab. Folded and unfolded infliximab were
partially separated. They investigated infliximab dimers formation and at-
tributed its formation to the interaction between unfolded infliximab molecules
via F(ab) regions [111]. Characterization of mAbs by CE–ESI–MS under native
conditions is still challenging due to the spray generation with pressure in the
case of neutral coating or electroosmotic flow in the case of positively charged
coating that compromises the separation efficiency.
Intact and middle-up approaches can be followed by MS/MS analyses referred
to top-down and middle-down to confirm results. These approaches allow
mAbs sequencing by direct fragmentation of intact mAbs or mAbs subunits
in ion source decay or higher collision energy dissociation cell of mass spec-
trometers [76,99]. As a consequence, they are powerful alternative approaches
to the bottom-up approach to avoid sample preparation artifacts. However,
it is still challenging to get complete sequence coverage due to the following
technical issues: (i) the decrease of MS sensitivity with the increase of the
molecular weight of analytes that affects the fragmentation efficiency and (ii)
sophisticated mass spectrometers with high resolution are required [112].
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Bottom-Up

Peptide mapping is the method of choice for the extensive characterization of mAbs
(amino-acid sequence, post-translational modifications, and degradations). It requires
complete separation of peptides and complete sequence coverage. The RPLC-MS does not
often provide complete coverage due to the loss of small hydrophilic peptides in the void
volume and the strong column interactions with the large hydrophobic peptides [85]. The
complementarity of CZE-MS to RPLC-MS has been demonstrated to recover a maximum
of peptides [113].

The sequence coverage depends highly on sample preparation. Gahoual et al. con-
ducted the tryptic digestion protocol of trastuzumab with RapiGest® surfactant [114].
Resulted data demonstrated complete digestion without missed cleavages allowing full
characterization of mAbs sequence and microvariations in a single run using sheathless
CZE–MS. The strategy was also applied for confident biosimilarity assessment [115] and val-
idation of N-glycosylation profiling [116]. Said et al. adapted the tryptic digestion protocol
of mAbs to an ADC (brentuximab-vedotin) following the study of Janin-Bussat et al. [117].
The tryptic digestion was preceded by IdeS digestion. Organic solvents (acetonitrile, iso-
propanol) were added to the sample before and after tryptic digestion to enhance drug-
conjugated peptides (highly hydrophobic peptides) solubility and ensure their MS detec-
tion. The sample preparation procedure allowed the successful detection of monomethyl
auristatin E (MMAE)-conjugated peptides [108].

The low sample volume/quantity injected into the capillary has a detrimental effect
on peptides detection sensitivity and sequence coverage. Transient isotachophoresis (t-ITP)
is the conventional method for bottom-up analyses by CZE–ESI–MS that overcomes this
drawback. It allows on-line preconcentration by increasing sample loading without affect-
ing separation efficiency [118]. It is performed by preparing the peptides obtained from
tryptic digestion in the leading electrolyte and conducting separation with (10% v/v) acetic
acid BGE. Gahoual et al. reported increased sample loading capacity to 25% of total capil-
lary volume in an uncoated capillary [114]. Heemskerk et al. reported increased sample
loading capacity to 37% of the total volume of a neutral coated capillary [119]. Moreover,
the t-ITP CZE–ESI–MS method provides high resolution of separation with acetic acid BGE
and high sensitivity allowing full detection of peptides including (i) small and hydrophilic
peptides which are not characterized by RPLC-MS [85]; (ii) glycopeptides (glycosylation
site, separation of glycopeptides and their quantification) [34,116]; (iii) intact and modi-
fied peptides such as peptides with deamidated asparagines, oxidized methionines and
pyroglutamate formation [34,115]; (iv) peptides isomers such as peptides with aspartate
isomers [120] and glycopeptides with sialic acid isomers [121]; (v) conjugated peptides
comprising different drug payload [108].

Improved performance of detection of large and hydrophobic peptides could be
reached by tunning the BGE composition. Dada et al. have reported the use of modified
BGE (15–20% of N,N-dimethylacetamide DMA or N,N-dimethylformamide DMF in 20%
acetic acid) to enhance the separation resolution and ionization of large and hydrophobic
peptides [122]. In a subsequent study, a supercharging agent (m-nitrobenzoyl alcohol)
was added in the modified BGE for the peptide mapping of an ADC. The recovery of
conjugated peptides was increased to 70% [123]. Otherwise, high resolution of separation
prevents competition during the ionization process and allows precise relative quantitation
of modified and unmodified peptides, glycopeptides, and conjugated peptides. This is
relevant for in-depth characterization of multi-quality attributes in quality control and
biosimilarity assessment.

The bottom-up approach involves high reactants consumption, long time, and mul-
tistep sample preparation that induce artifacts on the characterization of some critical
quality attributes such as the increase of methionine oxidation, deamidation of asparagine
residues, and aspartate isomerization [52,124]. In-capillary tryptic digestion has been pro-
posed by Ladner et al. as a promising strategy to decrease time and reactants consumption
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using transverse diffusion of laminar flow profiles (TDLFP) [62,125,126]. Analyses were
performed using the sandwich mode for reactants and proteolysis buffer injection.

Released N-glycans

CZE is useful for the determination of N-glycosylation profiles at the intact, middle-up,
and bottom-up levels, as mentioned previously. It is also recommended for the analyses of
released glycans with LIF or MS detection. However, the analysis of released glycans in-
volves additional sample preparation steps (release of N-glycans, fluorescent labeling) [127]
and does not provide information about glycosylation sites. CZE, coupled to LIF or MS
detection, presents attractive features for the comprehensive and confident characterization
of N-glycosylation. Its orthogonal selectivity to hydrophilic interaction liquid chromatogra-
phy (HILIC) has been demonstrated [128]. The on-line CE-LIF-MS system offers a complete
N-glycans characterization, allowing accurate quantitation by LIF and accurate identifica-
tion by MS [106].

CZE provides excellent separation of labeled N-glycans that lead to suppression
of ionization competition [129]. Its usefulness has been demonstrated for the separation
and detection of minor N-glycans such as N-glycolylneuraminic acid galactose residues
involved in immunogenicity [130].

The development of several fast and sensitive methods for the analysis of released
N-glycans was reported. Bunz et al. used an alkaline BGE composed of 6-aminocaproic
acid and ammonia in water/methanol 30:70 (v/v) solution for sheath liquid CE-MS. Base-
line separations of APTS labeled N-glycans, their isomers and native glycans were achieved.
Thus, the labeling reaction efficiency was determined through the quantitation of unlabeled
glycans. The method was applied to 2-Aminonaphthylsulfonic acid (2-ANSA) labeled
glycans. Analyses showed decreased separation resolution and increased ionization effi-
ciency comparing with APTS labeled glycans analyses [131]. In a subsequent study, sheath
liquid CE-MS conditions using neutral coating and acidic BGE based on 6-aminocaproic
acid/acetic acid were optimized. The developed conditions implied lower ionization
efficiency than alkaline conditions [132].

Ammonium buffers are dominant in glycan separation [133]. Szabo et al. developed
a fast CZE-LIF method for the separation of labeled N-glycans by adding boric acid and
linear polyacrylamide to ammonium acetate BGE, which improved the selectivity and
resolution of N-glycans mixture. The method allowed the separation of all fucosylated and
afucosylated positional isomers and different high mannose N-glycans species [134]. Teal™
labeled N-glycans were analyzed by sheath liquid CE-MS with ammonium hydroxide
BGE. The addition of acetonitrile and isopropanol to ammonium hydroxide enhanced the
CE-MS performance and allowed sample separation of native and labeled glycans. The
Teal™ dye provided comparable LIF, MS sensitivity to APTS dye and better reactivity than
APTS dye. The method was valuable for on-line identification and quantitation of N-linked
glycans [135].

In another study, Varadi et al. employed 12/13C stable isotopes of 2-AA to perform
twoplex relative quantitation of released glycans [136]. They optimized the ammonium
acetate pH to maintain 2-AA deprotonated to separate glycans. The CZE–MS showed
high selectivity in the differentiation of the isotopologues of 2-AA and separation of
position and linkage-specific isomers. The method was applied for the comparative study
of different lots of cetuximab and its subunits after IdeS digestion with less technical
variation and subjectivity. The authors performed N-glycans sequencing of released glycans
with sheath liquid CZE–MS. Digested N-glycans with different exoglycosidases were
separated, permitting the determination of fucosylation, galactosylation, and sialylation
degrees. Moreover, minor complex glycans species and isobaric species were separated
and identified [137].

A promising automated strategy has been described for the analyses of APTS labeled
N-glycans and their on-line sequencing. High resolution and high peak efficiencies were
obtained in a capillary filled with thermally tunable phospholipids mixture (1,2-dimyristoyl-
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sn-glycero-3-phosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC)) without need for neutral coating [138,139]. In-capillary sequencing of glycans
was performed with single or multiple exoglycosidases. Enzymes were injected hydrody-
namically and labeled N-glycans sample was injected electrokinetically to gain the first
enzyme plug. When multiple enzymes were used for sequencing (neuraminidase, b1-4
galactosidase, and b-N-acetylglucosaminidase), 2-hydroxy-3-morpholino- propanesulfonic
acid (MOPS) spacer buffer was injected between each plug to prevent carryover. Con-
secutive incubations were performed after injection and migration of the products to the
subsequent plug. Sequencing with single and multiple enzymes allowed the identification
of terminal glycan residues and the determination of their abundance without the need for
MS [139].

In a recent work, Joob et al. reported the first analysis of APTS labeled N-glycans by
CZE hyphenated to drift tube ion mobility-mass spectrometry (DTIM-MS). The separated
N-glycans were further separated by DTIM-MS. The study revealed the presence of isomeric
forms including different linkages and/or gas-phase conformers [140].

Related Products Impurities

Capillary zone electrophoresis was also applied to analyze related process impurities,
especially host cell proteins (HCP) at the bottom-up level. In analyses of low abundance
impurities, the sample preparation is usually initiated by mAbs depletion to enhance the
detection. Nevertheless, this step is time-consuming and may induce loss of proteins.
Indeed, Zhang et al. demonstrated that fractions of peptides are not identified in the case of
the analyzed sample with or without depletion and concluded that the combination of the
two approaches recovers the maximum of identified peptides [141]. Zhu et al. reported the
analyses of HCP. mAbs were depleted using protein A/L columns, then HCPs were digested
with trypsin and isotopic-labeled peptides were incorporated in the sample prepared in
0.05% formic acid with 25% acetonitrile solution to allow stacking before analysis by CZE–
ESI–MS/MS with 0.1% formic acid BGE [142]. They also developed a CZE–MS/MS method
for the quantification of HCP impurities at 100 ppm level by performing analyses without
mAbs depletion. Optimized dynamic pH junction using 5% acetic acid BGE and ammonium
bicarbonate pH 8.0 as sample buffer was applied for on-line preconcentration. Results were
consistent with RPLC-MS/MS data [143].

Table 1. Summary of sample preparation and analysis conditions for capillary zone electrophoresis (CZE) analyses.

CZE for mAbs Analyses References

Sample preparation
Monoclonal antibodies (mAb) prepared following the
approaches (intact, middle-up, or bottom-up) as detailed in
Section 2.2, desalted or non-desalted

Sample buffer Water, mixture acid-organic solvent, ammonium acetate, tris [34,73,75,89,104]

Capillary coating
Uncoated (bottom-up analysis) [34,114,116,122,123]
Neutral coated (e.g., HPMC, PEO, LPA) [24,62,75,91,97,99]
Positively charged (e.g., c-PEI, M7C4I) [76,104,105]

BGE

• Non-MS compatibles

6-aminocaproic acid based BGE ± additives
(TETA or dynamic coating)

[89,91,96–98]

• MS-compatibles

acetic acid, formic acid, ammonium acetate ± additives
(organic solvents or supercharging agent)

[34,75,93,94,100,104,105,109,111,123]

Injection Hydrodynamic

UV detection 214 nm [73,89,91,94]

MS detection
Online ESI-MS (Sheath liquid or sheathless interface) [34,102,104,108]
Off-line MALDI-MS [24,98,99]
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Table 1. Cont.

CZE for Released Glycans Analyses References

Sample preparation Release and labeling N-glycans (APTS or 2-AA) (Section 2.2.3.)
Internal standard: glycan ladder (dextran), oligomers of glycans

Capillary Uncoated capillary [131,144]
Neutral coated capillary (polyvinyl alcohol (PVA)) [132,133]

BGE
6-aminocaproic acid/ammonia (+additives) [131]
Ammonium acetate, ammonium, acetic acid, formic acid [121,133,136,144,145]

Injection Hydrodynamic

LIF detection
APTS labeled N-glycans (excitation 488 nm, emission 520 nm) [131–133,139]
2-AA labeled N-glycans (excitation 325 nm, emission 405 nm) [130,136,145]

MS detection Online ESI-MS (Sheath liquid or sheathless interface)

3.2. Capillary Gel Electrophoresis (CGE)

Capillary gel electrophoresis is an interesting tool for the characterization of size
heterogeneities during process development and quality control. It allows the investigation
of mAb stability and purity (fragmentation, elongation or truncation of N terminus of
mature mAb, aggregation) as well as N-glycans [146–149]. Capillary gel electrophoresis
analyses are performed in a capillary filled with a sieving matrix as a separation medium.
The sieving matrix is commercially available as kits. It comprises a linear or branched
polymer (polyacrylamide, PEG, polyethylene oxide, or dextran). The sieving matrix can
include high ionic strength of buffer or dynamic coating to suppress EOF. It may also
contain additives such as glycerol to enhance the resolution of separation [150].

Capillary gel electrophoresis analyses of mAbs and ADCs are performed under dena-
turing conditions with surfactants, mostly sodium dodecyl sulfate (SDS) under reducing
or non-reducing conditions. Denaturation is always performed by preparing the mAb in
a sample buffer (borate, citrate, or phosphate buffer) containing (SDS) and incubated at
high temperature (65 or 70◦C) for a few minutes. It is a transposition of SDS-PAGE in the
capillary format [147,151]. The separation occurs according to the hydrodynamic radius
of denatured proteins [152]. Alternatively, sodium hexadecyl sulfate (SHS) can be used
to enhance resolution [153]. The denaturation parameters are optimized to get complete
denaturation and consistent results with other orthogonal techniques such as size exclusion
chromatography [154].

3.2.1. Non-Reduced CGE-SDS

Non-reduced CGE-SDS is used for the determination of product and process-related
impurities. For example, it was used to investigate the fragmentation induced by host
cell proteases [155], disulfide bonds reduction and re-oxidation [156,157]. It is useful for
the identification and quantification of low (LMW) and high (HMW) molecular weight
impurities and provides orthogonal information to size exclusion chromatography about
covalent aggregates [150]. It is also useful for optimizing sample preparation protocols as
reduction and digestion (e.g., IdeS, IgdE).

Denaturation affects the stability of mAbs and increases the fragmentation level in
the case of non-reduced CGE-SDS. Alkylation of free thiols cysteine is required to avoid
disulfide bonds scrambling and LC release. It is recommended to achieve alkylation at
pH higher than 7.0 where protonated thiols are predominant [151]. Furthermore, incom-
plete denaturation may result in interfering peaks of non-denatured mAbs. Lacher et al.
observed incomplete denaturation of mAbs with glycosylated F(ab) when using a stan-
dard protocol [150]. This is likely due to the decrease of mAb hydrophobicity caused by
glycans, resulting in less easy complexation with SDS. Guo et al. optimized the conditions
of denaturation and showed that complete denaturation resulted in partial separation of
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IgG2 disulfide bonds isomers [158]. Therefore, it is strongly recommended to optimize
denaturation conditions for each analyzed mAb to avoid mAb-specific issues.

3.2.2. Reduced CGE-SDS

Reduced CGE–SDS is applied for the quantification and assignment of LMW, HMW,
and non-glycosylated species [150,159]. Sample preparation is performed by adding a
reducing agent, such as β-mercaptoethanol or DTT with SDS-buffer to a mAb sample, in or-
der to break inter-chain disulfide bonds. Reducing agents do not have a substantial impact
on mAbs purity and adequate conditions with denaturation are easily determined. The
sample preparation procedure is sometimes preceded by or combined with a fluorescent
labeling step to enhance the detection of impurities such as non-glycosylated mAbs and
fragmented mAbs [26,160]. However, the effect of denaturation and reduction conditions
on labeling should be investigated when labeling is integrated into sample preparation.
Indeed, Szekrényes et al. showed that alkylation with iodoacetamide has no impact on
labeling efficiency, while the reduction with DTT and 2-ME lowered the labeling efficiency
with Chromeo P503 fluorophore [160]. Deglycosylation can also be performed before or
with the denaturation step when appropriate. It facilitates the peak assignment of non-
glycosylated mAbs impurities. The desalting step of sample solutions with a high salt
amount could be essential because salts interfere with electrokinetic injection and reduce
the injected amount of sample [152].

Denaturation conditions, SDS sample buffer pH and concentration, as well as alkylat-
ing agent concentration, have to be carefully investigated to avoid artifacts (e.g., increasing
the fragmentation level) [151,154]. Even auto-sampling and storage conditions have to be
considered [152]. Smith et al. used a DoE approach to evaluate the effect of these critical
factors: heating time and temperature of denaturation and reduction, mAb concentration,
sample buffer volume, and DTT concentration (for reduced CGE–SDS). Sample buffer
volume, incubation time, and temperature were found to significantly affect the purity
results of two mAbs under reducing or non-reducing conditions [161].

Internal standards with adequate molecular weight or commercialized protein mix-
tures are usually used to allow MW calculation from migration time, quantification, and
mitigation of fluctuations related to analysis conditions [162]. Several observations have
reported an inconsistent correlation of migration time with the molecular weight. For in-
stance, unexpected results were observed in recent studies. The identification of separated
LCs of a bispecific antibody by a bi-dimensional system showed high MW for the first
migrating LC than the second one [163]. In another study, fractions of separated subunits
by CGE–SDS were collected and analyzed by RPLC-MS. This discrepancy has been ob-
served between different subunits of mAb (F(ab), LC dimer, LC and HC) [164]. This may
be explained by the complexity of mAbs molecules. Therefore, the peak assignment in
CGE–SDS through migration time may be biased.

3.2.3. Coupling with MS

Mass spectrometry allows the exact identification of separated peaks and fragmen-
tation sites by complementary approaches. However, the CGE–SDS is incompatible with
MS due to high ion suppression caused by the sieving matrix components. Some efforts
have been made to eliminate interference sources. Hernandez et al. tested different in-
capillary strategies for CZE–MS to remove SDS from antibodies samples treated with SDS
before MS detection: transient isotachophoresis, injections of pre-plugs and post-plugs of
organic solvents, stripping agents (cyclodextrins) or cationic surfactants [165]. The use
of cetyltrimethylammonium bromide (CTAB), and methanol provided good results and
increased the MS signal intensity above 94%. Römer et al. used an adapted SDS-removal
strategy to a bi-dimensional heart-cut CGE–SDS/CZE–MS system to identify different
mAbs subunits and impurities [163]. They applied the methodology to a bispecific anti-
body having two different LCs. The SDS buffer composition was optimized by adding
propanol as an organic modifier to allow the separation of LC chains by the first dimension
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(CGE–SDS). Then, the CZE dimension allowed their detection by MS due to the fact of
its compatibility.

3.2.4. CGE Analyses of Released N-glycans

Capillary gel electrophoresis is a fast and cost-effective technique for the identification
and relative quantification of glycans, which are crucial in quality control and biosimilarity
assessment [166]. A matrix based on linear polymers included in a BGE is used to separate
labeled glycans according to their charge to size ratio under suppressed EOF [70]. Reso-
lution is highly influenced by matrix viscosity [160]. Thus, temperature optimization is
an important option to get a high resolution of separation. The reproducibility of sample
preparation and CGE–LIF analysis of APTS-labeled N-glycans was demonstrated through
interlaboratory study [160]. Reusch et al. used a fast reductive amination with ANTS.
The method provided similar results to the reference method HILIC (2-AB) and good
performance of analysis for sialylated species. Nevertheless, the G0-N structure was not
separated from other N-glycans species [167]. Moreover, CGE–LIF allows the separation
of labeled glycans from the fluorescent dye excess [133] and the removal of dye excess is
required when the electrokinetic injection is applied [63].

N-glycans are identified by their migration time calibration with standards and deter-
mination of their glucose unit (GU) values or glycan sequencing [70,168]. CGE analyses of
labeled N-glycans with ANTS allowed to determine GU values of 25 glycans to generate a
database of ANTS-labeled N-glycans. The GU values were verified by analyses of released
glycans from human IgG and a glycoprotein. Multi-capillary gel electrophoresis is useful
for high throughput analysis of fluorophore-labeled N-glycans to build a new glucose unit
database [169].

Migration time shifts between samples, peak distortions, stretching and compression
of CGE electropherograms may complicate the analyses of datasets and affect the identifi-
cation and quantification of glycans. The co-injection of bracketing standards (that do not
interfere with the migration of glycans) is applied to evaluate precision and determine the
glucose unit values that allow glycans identification [63]. Additionally, there exists a panel
of software for data processing and alignment, namely, glyXalign, dynamic time warping,
correlation optimized warping, Peak Alignment by Genetic Algorithm, Peak Alignment
using Reduced Set mapping and alignDE [170].

A summary of sample preparation and examples of reactants used as well as analytical
conditions for mAbs and glycans analyses is presented in Table 2.

Table 2. Summary of sample preparation and analyses conditions for capillary gel electrophoresis (CGE) analyses.

CGE–SDS Analysis of mAbs References

Sample preparation

Intact mAb, deglycosylated mAb, reduced mAb, digested mAb (e.g., IdeS,
IgGdE), desalted or non-desalted
± Fluorescent dye [64]
± Internal standard [164,171,172]

Sample buffer

• Non-reduced CGE–SDS 0.1–1% (w/v) SDS in a buffer solution (borate,
citrate, phosphate, bicarbonate) Commercial buffer (Beckman Coulter)
with N-ethyl maleimide, 2-iodoacetamide or iodoacetic acid (5–40 mM)

• Reduced Non-reduced CGE–SDS 0.1–1% (w/v) SDS in a buffer solution
(borate, citrate, phosphate, bicarbonate) or commercial SDS buffer
(Beckman Coulter) with DTT or 2-mercaptoethanol at a final
concentration (5–30 mM)

- Incubation: 60–90 ◦C for 5 to 20 min
- Sometimes the sample is centrifugated before analysis

[150,151,158,164]

Capillary Neutral coating (static or dynamic)
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Table 2. Cont.

CGE–SDS Analysis of mAbs References

Buffer containing a certain amount of SDS as a tris-borate buffer with 0.1%
SDS pH 8.45 [160]

Sieving matrix Buffer containing 100 mM Tris-HCl, pH 9.0, 1% SDS [164]
Sieving matrix SDS–MW gel buffer (Beckman Coulter), BioRad buffer
(BioRad Laboratories), SDS–MW gel buffer (Sciex) [149]

Injection Electrokinetic

UV detection 220 or 280 nm

LIF detection 3-(2-furoyl)quinoline-2-carboxaldehyde (FQ) label (excitation 488 nm,
emission 600 nm) [118]

CGE Analysis of Released Glycans Analyses References

Sample preparation Release and labeling N-glycans (with APTS or ANTS) (Section 2.2.4)
Internal standard: glycan ladder (dextran), oligomers of glycans [146]

Capillary

Silica capillary or neutral coated capillary [147]
Filled with gel, e.g.,

- N-CHO Carbohydrate Separation Gel Buffer (SCIEX),
- HR-NCHO gel buffer (SCIEX),
- 1% HPC (w/v), 1% HEC (w/v), 80 mM MES and 40 mM TRIS

[146]
[166]
[133]

Prefilled devices, e.g.,

- Single-channel capillary cartridge GL1000 Glycan Analyzer (BiOptic)
- Multi-capillary gel electrophoresis cartridge

[173]
[169]

Injection Hydrodynamic or electrokinetic

LIF detection
APTS labeled N-glycans (excitation 488 nm, emission 520 nm) [160,166]
ANTS labeled N-glycans (excitation 420 nm, emission 530 nm) [167]

3.3. Capillary Isoelectric Focusing (cIEF)

Capillary isoelectric focusing has become the method of choice for the characterization
of mAbs charge variants as it takes into account the global charge of the mAbs during
separation [174]. It allows the determination of the apparent pI of mAbs, levels of acidic,
main, and basic mAbs variants as well as impurities [175,176]. Analyses are carried out
by preparing a sample matrix filling the capillary that typically includes: mAb solution,
carrier ampholytes, additives, and pI markers. This step is followed by a focusing step with
an applied voltage to establish a pH gradient inside a neutral coated capillary (e.g., fluoro-
carbon, PVA, dynamic coating), resulting in the separation of mAb variants according to
their pI. For single-point detection, a chemical or pressure mobilization towards the UV
detection window is applied. Imaged cIEF (icIEF) offers more straightforward detection
and enhanced resolution due to the absence of mobilization step [177]. Coupling cIEF with
MS provides even more in-depth characterization. Nevertheless, it remains problematic
due to the high concentrations and non-volatility of ampholytes and additives as well as
the dilution effect of the sheath liquid interface for some instrumentation [178].

Sample preparation is a crucial step in the development of cIEF methods. Thus, specific
attention is given to the choice of the sample matrix components (pI, carrier ampholytes
composition) and their concentrations during methods development.

The pI markers are standard substances synthetic-based peptides with known pI
values. They are required for accurate determination of apparent pI of mAbs. The pI
markers range should be consistent with the pI of mAbs charge variants to guarantee
accurate pI values [179]. Small synthetic molecules have been used as pI markers for
their broad pH range, good UV absorbance, accessibility and to avoid precipitation and
adsorption issues [180].
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Carrier ampholytes are essential ingredients in the sample matrix as they generate
the pH gradient and determines the selectivity and the resolution of separations. They
consist of a mixture of polyamino-carboxylic acids having different pI and high buffering
capacity near their pI. Carrier ampholytes formulations are commercialized by various
companies such as Sigma–Aldrich, GE Healthcare, ProteinSimple, and Sciex. The pH
range of ampholytes has to be chosen carefully regarding the pI of the analyzed mAbs.
A combination of broad and narrow pH range of carrier ampholytes in an optimized ratio
is often used to reach a linear pH gradient and enhance separation resolution [180,181].

Cellulose derivatives are used as viscosity enhancers to stabilize the pH gradient
and dynamic coating to lower EOF and protein adsorption [182]. Methylcellulose is often
used in the sample matrix. However, it can affect the charge-based separation of charge
variants due to its sieving effect. Glycerol is an alternative additive. It has several advan-
tageous properties, such as providing a linear pH gradient, stabilizing focused proteins
and reducing their adsorption accordingly. Moreover, it presents low conductivity and
it is suitable for hyphenation with MS [183]. It has been used for the characterization of
different mAbs at the intact level as well as cetuximab at the middle-up level by cIEF
coupled to MS via an electrokinetically pumped sheath-flow nanospray [184,185]. Sharper
peaks and high resolution were obtained. Interferences with MS detection were avoided
by using acetonitrile in the sheath liquid to break hydrogen bonds of glycerol with mAbs.
It is worth noting that these conditions allowed for the first time the separation of F(ab)2
acidic variants differing only by one NGNA residue and successful investigation of charge
heterogeneity sources such as deamidation [186].

Additives like surfactants and denaturants are commonly used to minimize precipita-
tion and aggregation of mAbs after focusing. Urea is the most commonly used. Several
studies reported optimized and validated methods using urea at high concentration in the
sample matrix (1 to 5 M) to achieve the best resolution of charge variants separation and
reproducibility at the intact level [181,182,186]. Besides, urea was used at a concentration
of 8 M to enhance the solubility of HC and LC of reduced mAb in cIEF analysis [187].
Urea was used to dissociate non-covalent interactions and allow the separation of subunits
resulted from reduction or IdeS digestion followed by reduction treatment [188]. In a com-
parative study of the originator and generic rituximab from different markets, urea was
used to perform the separation of LC, Fd, and Fc/2 subunits under denaturing conditions
after Spe-B digestion, CP-B treatment, or degradation treatment of samples [189]. Sucrose is
another common additive. It has been used in combination with urea to ensure the solubil-
ity and prevent aggregation of mAb after focusing [182]. Nonetheless, the denaturing effect
of urea causes shifts of apparent pI [190,191]. The pI shifts may also be induced by protein
carbamylation by isocyanic acid derived from urea [37]. Even partial denaturation may be
the origin of misleading observations like peak splitting, peak splicing, and repeatability
issues [180,192].

Different strategies have been developed to alleviate problems related to the use of
urea. For example, several studies reported cIEF analyses without urea in the sample matrix
with a high separation resolution [179,180,193]. In another study, formamide was used
instead of urea for the analysis of a fusion protein to enhance its stability. As a consequence,
a basic peak resulting from the carbamylation of the fusion protein disappeared. Then, the
method was applied successfully to various mAbs [194]. Zhang et al. conducted icIEF anal-
yses of mAbs under native conditions (without urea). They combined the non-detergent
sulfobetaine and taurine in the matrix formula to achieve high resolution and repeatabil-
ity [192]. They also demonstrated the positive effect of this combination on mAbs and pH
gradient stability through a robustness study.

The mAbs sample matrix contains a certain amount of salt that may affect the pH
gradient, matrix viscosity, EOF, mAbs stability, separation resolution, migration time, and
peak shapes. He et al. showed that icIEF separation was affected by a high concentration
of salts [182]. They recommended the optimization of salt amount following the mAb
formulation composition due to the significant differences in the nature and concentration
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of salts present in mAbs formulations. Suba et al. performed analyses of non-desalted mAb
without adding salts in the sample matrix [180]. In another study, Zhang et al. showed
that the desalted sample analyses resulted in increased migration time and incomplete
focusing. The presence of salts at a concentration of 30–35 mM of non-desalted mAb
provided better results [189].

Spacers or stabilizers are added in the sample matrix to avoid sample loss into the cap-
illary ends and bidirectional isotachophoresis phenomenon that leads to the pH gradient in-
stability [181]. Their pIs are higher or lower than the pH range of the ampholytes used. A ca-
thodic stabilizer (arginine, pI 10.7) is also used to prevent the focusing of basic compounds
behind the detection window. Cao et al. observed an enhanced peak signal by increasing
arginine concentration due to its compressing effect of the pH gradient [195]. However,
several cIEF methods were performed without arginine or iminodiacetic acid and reported
good results [171,182,184,189].

Additives related to mAbs reconstitution may also affect cIEF analyses. For example,
Demirdilek et al. studied the stability of reconstituted mAbs in dextrose bags [196]. They
demonstrated that the presence of dextrose diluted to 5% (w/v) in the sample matrix as
an additive produced an acidic shift that was compensated by basic shift induced by the
addition of 2 M urea.

Hence, a large panel of parameters influences the analyses by cIEF. Thus, DoE ap-
proach was applied in several studies. Maeda et al. reported the use of the DoE approach
to optimize the composition of the sample solution (ampholyte, HPMC, urea, arginine, di-
aminoacetic acid, and pI markers). Then, the optimized method was applied to the analysis
of an ADC gemtuzumab-ozogamicin. The study demonstrated the presence of 13 charge
variants and the decrease of pI of deglycosylated ADC [197]. Kahle et al. applied the DoE
approach to optimize cIEF method for the analysis of NIST mAb. The study indicated that
the related sample preparation factors (concentration and ratio of pharmalyte 8–10.5 and
pH 3–10, L-arginine concentration, and urea concentration) significantly impact separation
resolution and peak positions and counts. All the studied factors affected the apparent
pI except L-arginine [198]. The conventional cIEF was successfully miniaturized into a
microfluidic IEF system. It provided comparable performance in terms of resolution and
precision and ultrafast charge heterogeneity assessment [199]. Mack et al. developed an
online icIEF system with MS-compatible conditions to characterize charge variants [200].

Sample matrix formulas and analysis conditions from publications treating the devel-
opment of cIEF methodologies for mAbs, ADCs and fusion proteins characterization with
UV or MS detection are summarized in Table 3.

Table 3. Summary of sample preparation and analyses conditions for capillary isoelectric focusing (cIEF) analyses.

cIEF-UV and icIEF-UV Analysis of mAbs References

Sample preparation Intact mAb, deglycosylated mAb, reduced mAb, digested mAb (e.g., IdeS,
SpeB), desalted or non-desalted.

With stabilizer
[181,182,184,188,195,199]
Without stabilizer
[171,182,184,189]

Sample buffer

contains the following components:
cIEF gel based on cellulose derivative (0.1–0.4% m/v)
± urea (2–7 M) or formamide;
Carrier ampholyte or pharmalytes at one range or different ranges of pI;
Anolyte stabilizer (L-argininie) and catholyte stabilizer (iminodiacetic acid);
pI markers mixture based on peptides or synthetic molecules;

Capillary Neutral coated capillaries filled with the sample matrix

BGE Anolyte: sodium hydroxide ± cellulose derivative
Catholyte: phosphoric acid ± cellulose derivative

Injection Hydrodynamic

UV detection 280 nm
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Table 3. Cont.

cIEF-MS Analysis of mAbs References

Sample preparation Intact mAb, deglycosylated mAb, reduced mAb, digested mAb
(e.g., IdeS), desalted.

[184,185,201]

Sample buffer

contains the following components:
Glycerol (5–20%);
Carrier ampholyte or pharmalyte at one range or different ranges of pI;
± Anolyte stabilizer (L-arginine) and catholyte stabilizer (iminodiacetic acid);
pI markers mixture based on peptides or synthetic molecules

Capillary Neutral coated capillaries filled with the sample matrix

BGE Anolyte: ammonium hydroxide + glycerol
Catholyte: formic acid or acetic acid + glycerol

Injection Hydrodynamic

MS detection Online ESI-MS (Sheath liquid, flow-through microvial interface)

3.4. Micellar Electrokinetic Capillary Chromatography (MEKC)

Micellar electrokinetic capillary chromatography (MEKC) is less used for mAbs analy-
sis due to the fact of its low reproducibility. It consists of the formation of mAbs–micell
complexes to perform the separation. Micellar electrokinetic capillary chromatography
was evaluated for a mAbs charge heterogeneity study [90]. It provided good separation
efficiency and short analysis time but low reproducibility. Micellar electrokinetic capillary
chromatography was used for mAb variants separation. Kats et al. demonstrated that the
separation was based on differences in the exposure of mAbs structural elements to the
solvent [202]. MEKC was also evaluated for glycans analysis. Feng et al. demonstrated the
relevance of MEKC for analyses of small and highly sialylated glycans and its orthogonality
with CZE [133].

4. Conclusions

Capillary electrophoresis has become a powerful technique for mAbs analyses at
different steps of their development from clone selection to batch release. It allows extensive
characterization of mAbs from the peptide (bottom-up) to the protein (intact and middle-
up) level as well as N-glycans. Capillary electrophoresis is a powerful, cost-effective, and
eco-friendly technique. The different CE modes are well adapted with mAbs analysis.
The CZE mode is the most used due to its simplicity and flexibility regarding analysis
conditions (denaturing or native conditions, MS-compatible or not). Coupled to MS, CZE
provides a comprehensive physicochemical characterization of mAbs: peptide mapping,
site-specific characterization, charge heterogeneity assessment, glycosylation profiling, and
impurities analysis. In addition, CZE offers attractive features for miniaturization, sample
preparation automation and its integration with separation and detection. Both CGE and
MEKC are relevant techniques for size heterogeneity assessment and glycans analysis.
Capillary isoelectric focusing is considered as the reference technique for pI determination
and charge variants profiling. Additionally, mAbs analyses were implemented successfully
with microfluidic devices. The reduction of sample preparation complexity, analyses with
native CE–ESI–MS, the coupling of originally non MS-compatible modes of CE to MS and
bi-dimensional methods with orthogonal techniques to get more reliable information is the
next step for substantial investigation of mAbs.
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