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a b s t r a c t 

Capillary zone electrophoresis (CZE) is considered an alternative to advanced chromatographic methods for the 
analysis of monoclonal antibodies (mAbs) as those are well applicable for the high-resolution separation of in- 
tact proteins, proteoforms or even protein complexes. Thus, CZE with mass spectrometry (MS) detection, has 
the potential to grow into a powerful analytical platform for the extensive investigation of mAbs. The top-down 
proteomic approach, where the application of CZE-MS might be exceptionally beneficial, provides the determi- 
nation of both the accurate molecular mass and several microheterogeneities. Although there is a relatively small 
number of publications about the CZE-MS of mAbs, the pharmaceutical industry has an unambiguous interest on 
this field and thorough, intensive research has been initiated. 

In this review, we surveyed the developments of top-down CZE ‐MS applied for mAbs. The merits and limita- 
tions of the published capillary coatings and running electrolytes used for CZE-MS were discussed. The different 
aspects of CZE-MS hyphenation, furthermore, the applications of such mAb studies were surveyed, as well. 
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. Introduction 

A monoclonal antibody (mAb) is a complex protein manufactured
or a specific purpose using recombinant DNA technology. MAbs (also
heir related products like antibody-drug-conjugates) are biotechnology
ade proteins that mimic the immune system to render adverse antigens
armless. The biopharmaceutical industry is being taken over by mAbs
ue to their exemplary therapeutic effect in the treatment of several
iseases. This excellent capability to combat diseases is achieved via the
ecombinant biotechnology by which they are manufactured leading to
heir high specificity. The first monoclonal antibody muromonab-CD3
1] was licenced in 1986 as an immunosuppressant for patients with
rgan transplants, and by 2020 > 80 mAbs had been approved [2] . 

MAbs are large ( ∼150 kDa) and very complex glycoproteins. Due
o manufacturing processes and storage (including exposure to light or
hemicals), a large number of changes can develop in these proteins:
i) the formation of amino acid sequence variants due to gene mu-
ations, (ii) the appearance of post-translational modifications (PTMs)
e.g., asparagine deamidation, methionine oxidation, sulphation, lipi-
ation, phosphorylation, glycosylation, N-terminal glutamine deamida-
ion, C-terminal lysine clipping, cysteine modifications, isomerization
transpeptidation)), the occurrence of (iii) physical macro-changes (e.g.,
enaturation, fragmentation, aggregation) or (iv) conformation alter-
tions [3–5] . These modifications can largely increase the heterogene-
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ty and the complexity of mAbs, which may lead not only to instability
nd a change in their therapeutic potency but also to immune reactions
hich can cause malfunction or potential toxicity of the drug. From an
nalytical point of view, their determination, especially the revelation
f the induced micro-heterogeneity (i.e., the PTMs) poses a great chal-
enge. The sizes/masses, charges or glycosylation patterns of the modi-
ed species often differ only minimally from the original molecules (for

nstance the deamidation of one asparagine results in only ∼ 1 Da dif-
erence or a disulfide bridge is responsible for a 2 Da difference in the

150 kDa size proteins). Therefore up-to-date approaches and a large
ariety of high performance analytical methods are necessary for the
nvestigation of these compounds. At present, the application of sepa-
ation methods blessed with the highest resolving power (HPLC, CE) in
onjunction with high accuracy mass spectrometers is a widely recog-
ized solution for such proteomic studies. 

There are two fundamental MS-based approaches for protein char-
cterization applied in proteomics. In the bottom-up proteomic (BUP)
orkflows the proteins are subjected to proteolytic cleavage, the result-

ng peptide mixture is then separated and finally analyzed by MS. BUP
llows protein identification by the characterization of the relative pro-
eotypic peptides generated by enzymatic digestion prior to MS analysis.
ontrarily, in top-down proteomics (TDP), intact proteins or large pro-
ein fragments are separated and then exposed to MS analysis ( Fig. 1 ).
or MS analysis, the ions are generated mainly by electrospray ioniza-
ion (ESI), which are then subjected to gas-phase separation, and tandem
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Fig. 1. Fundamental approaches in MS based proteomic analysis. 
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Nomenclature 

ADBAC benzalkonium chloride 
ADCs antibody-drug conjugates 
AFM atomic force microscopy 
APCI atmospheric pressure chemical ionization 
APDIPES 3-(aminopropyl)di-isopropyl-ethoxysilane 
APPI atmospheric pressure photoionization 
APS aminopropylsilane 
BFS bare fused silica 
BUP bottom-up proteomics 
CTAB cetyltrimethylammonium bromide 
CVs charge variants 
DAR drug-to-antibody ratios 
Dean asparagine deamidation 
degPs degradation products of mAb 
DS dextran sulfate 
DTT dithiothreitol 
EACA Ɛ-amino-caproic acid 
ECD electron capture dissociation 
ETD electron transfer dissociation 
FC fluorocarbon 
FFE free flow electrophoresis 
FT-ICR fourier-transform ion cyclotrone resonance 
HPC hydroyxypropyl cellulose 
HPMC hydroyxypropyl methyl cellulose 
HRN high Resolution Native 
HC heavy chain 
IAM iodoacetamide 
ISD in-source decay 
isCID in-source collision induced dissociation 
IsoD aspartic acid isomerization 
HHL heavy-heavy-light chains 
LC ligth chain 
LCP linear carbohydrate polymer 
LPA linear polyacrylamide 
M7C4I 1-(4-iodobutyl)4-aza-1-azoniabicyclo[2,2,2] oc- 

tane iodide 
MCE microfluidic capillary electrophoresis 
v  

2 
NHS-PEG450 methyl-terminated polyethylene glycol n ‑hydroxy 
succinimide ester 

nrCE non-reducing capillary electrophoresis 
PEO polyethylene oxide 
PEI polyethyleneimine 
PEG polyethylene glycol 
PTMs post translational modifications 
PB polybrene 
PVA polyvinyl alcohol 
redFs reduced forms/parts of mAbs 
rCE reducing capillary electrophoresis 
SHS hexadecyl sulfate 
SL sheath liquid 
SMIL successive multiple ionic polymer layer 
SVs size variants 
TDP top-down proteomics 
TETA triethylenetetramine 
HCD higher-energy collisional dissociation 
TCEP tris (2-carboxyethyl) phosphine hydrochloride; 
UVPD ultraviolet photodissociation. 

S fragmentation in order to obtain the molecular mass and the protein
ragmentation pattern. 

In the last few decades, the commercial instruments equipped with
ontrol, data analysis and bioinformatic pieces of software are well opti-
ized for bottom-up applications [6] . Although the bottom-up approach

s the more widely applied strategy due to its high-throughput nature
nd the easier detectability of smaller compounds (peptides), its utiliza-
ion might fail to make differences between slightly different proteins
r protein isoforms (e.g., proteins formed from the same gene). Gener-
lly, using BUP, not all peptides are identified (the sequence coverage
oes not reach 100%), therefore incomplete sequence information can
e gained about the protein of interest. There are several reviews which
oncluded that some information about PTMs, sequence variants or pro-
ein complexes (where protein subunits are attached with non-covalent
nteractions) – basically the exact depiction of the whole intact protein
 can be lost when proteolysis is applied [7–9] . 

However, TDP allows 100% sequence coverage and is able to pro-
ide a bird’s eye view of intact proteins because the analysis targets the
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iven proteoform itself (with PTMs). Another beneficial feature of the
D approach is its simplicity concerning sample preparation compared
o the time consuming digestions used in BUP; no dilution or desalting
s necessary. During TDP both the accurate molecular mass and several
icroheterogeneities (PTMs) can be determined because MS measures
irectly the intact proteoforms and their delta mass values and tandem
S determines the sequence, allowing the identification and localiza-

ion of PTMs. The main limitation of TDP is that the multiply charged
arge proteins ( M > 50 kDa) form very complicated mass spectra, espe-
ially when a mixture of proteins is introduced into the MS. Therefore,
ore sophisticated and expensive MS instruments with wide mass range,
igh resolution and mass accuracy (eg. FT-ICR, orbitrap) are preferred.

The application of a high performance separation method is crucial
or both BUP and TDP. In the case of BUP, the large number of pep-
ides obtained during the digestion need to be separated before entering
he ESI-MS. TDP is often applied for a pure protein component with-
ut any separation method, but when several proteins are measured,
he fractionation of these proteins is practically inevitable. Similarly,
or instance, the heterogeneity study of mAbs necessitates the separa-
ion of the different variants of the molecule prior to MS analysis. In the
DP analysis of mAbs, chromatographic methods such as reversed-phase

iquid chromatography (RP-HPLC) [10] , size exclusion chromatography
SEC) [11] , ion-exchange chromatography (IEX) [12] or electrophoretic
ethods like sodium-dodecyl sulfate polyacrylamide-gel electrophoresis

SDS-PAGE) [13] , capillary zone electrophoresis (CZE) [14] , capillary
el electrophoresis (CGE) [15] or capillary isoelectric focusing (CIEF)
 16 , 17 ] can be used. All of these separation methods are amenable for
ff-line MS hyphenation (i.e. eluted fractions are introduced to the MS);
owever, for on-line coupling all but SDS-PAGE and CGE are suitable.
lthough the off-line analysis allows the use of longer time windows

or the collection of sample data and the application of usual separa-
ion conditions (which are not necessarily MS compatible), the on-line
ode is preferred due to the much faster analysis and better economized

ample consumption. 
Capillary electrophoresis (CE) is well-known for its high resolving

ower, simple instrumentation, minimal sample consumption and short
nalysis time. CZE is the simplest CE separation mode based on the
ifferences in the electrophoretic mobilities of the analytes (defined
y the size, charge and the shape of the molecule). Moreover, CZE is
he most universal separation method which can be applied either for
he small monoatomic ions, organic compounds, peptides or even big
iomolecules like mAbs. CZE together with CIEF are considered as alter-
atives to advanced chromatographic methods for the analysis of mAbs
s they are well applicable for the high-resolution separation of intact
roteins, proteoforms or even protein complexes [ 18 , 19 ]. An additional
eneficial feature of CZE for mAb analysis is that the separations can be
erformed under near-physiological conditions thus the protein confor-
ation, folding or function can be preserved during the analysis. The
ajor limitation of CZE is the poor concentration sensitivity, however,
igh concentration (but low volume) of mAb pharmaceutical samples
re often available for their characterization. The propensity of proteins
o strongly adsorb onto the separation capillary wall is another draw-
ack of CZE since it induces peak distortion, poor separation efficiency
nd low reproducibility of runs. 

CZE [ 20 , 21 ], unlike CIEF [22] or other CE techniques, is relatively
asy to on-line hyphenate with ESI-MS, thereby providing important
nformation (e.g., molecular mass of the intact protein and its fragmen-
ation pattern) about the separated components. CE cannot be on-line
oupled with matrix-assisted laser desorption ionization (MALDI), the
ther type of MS ion source commonly used for intact protein analy-
is, since co-crystallization of the protein with special matrix materials
n a plate is necessary prior to MS analysis [21] . Since in TDP ESI-MS,
he signal of proteins is distributed between clusters of dense multi-
harged isotopic peaks and several adducts, the sensitivities of CZE-ESI-
S determinations are quite poor which can be remedied principally by

nalyzing large concentration samples. These very complex precursor
3 
pectra necessitate the utilization of (often extremely) high resolution
nd mass accuracy MS instruments for the accurate peak assignments
n mAb analysis. Recently, ongoing research on how to enhance detec-
ion sensitivity has resulted in a considerable improvement in interface
esigns. The most promising and already commercialized design is the
orous tip sheathless interface [23] . 

In the past few decades thousands of papers have been published
n the analytical characterization of mAbs, which is recently one of the
ottest and most important topics in (pharmaceutical) analytical chem-
stry. Also, hundreds of papers can be found where a CE method is ap-
lied for mAbs. Furthermore, in the last decade over 30 papers appeared
hich dealt exclusively with CE-MS of mAbs ( Fig. 2 ). It is interesting

hat although CE-MS and mAb were mentioned together in a relatively
arge number of documents, the papers about CE-MS analyses of mAbs
tarted to considerably increase only since the last few years. This trend
ill very likely continue in the future. Numerous reviews have provided
n overview of the technical developments of CE ‐MS [ 21 , 24 ], different
roteomic approaches (BUP, TDP) [ 2 , 25 ] and clinical/pharmaceutical
pplications [ 26 , 27 ] related to mAb analysis ( Table 1 ). 

In this review, we focused on the developments of top-down CZE ‐MS
or mAbs. The merits and limitations of the published capillary coatings
nd running electrolytes used for CZE-MS were compared. The different
spects of coupling CZE with MS, furthermore, the applications of such
Ab studies were surveyed, as well. 

.1. Capillary electrophoresis separation techniques for mAb analysis 

Capillary electrophoresis includes several techniques like CZE, CGE,
IEF, micellar electrokinetic (MEKC) or capillary electrochromatogra-
hy (CEC). These separation techniques are based on differences in
lectrophoretic mobilities, molecular sizes, isoelectric points or chro-
atographic features of the components. Since CZE, CGE or CIEF are

he CE techniques that have been mostly applied for mAbs, only these
re discussed in this chapter focusing on the separation conditions used
 Table 2 ). Although in this review we focused on the developments of
op-down CZE ‐MS for mAbs, a short survey of the CGE and CIEF sepa-
ations of mAbs was found useful for a more comprehensive evaluation
f CZE. 

.1.1. Capillary zone electrophoresis 

CZE separations are based on the different electrophoretic mobilities
f the analytes, which are determined by their charge, size and shape.
he larger their charge-to-size ratio and the more spherical the shape
f the solutes, the larger their electrophoretic mobility. The charge of
he mAbs is determined by their pI value and the pH of the applied
ackground electrolyte (BGE). The shape of mAbs are relatively similar
n their intact state ( ”Y ” form), however are quite different upon re-
uction, denaturation (e.g., with detergents) or aggregation. CZE is pre-
ominantly used for separating the charge isoforms of mAbs. The most
mportant CZE parameters include the characteristics of the capillary
urface and the BGE (composition, pH, concentration, ionic strength,
iscosity, etc.). One of the most significant issues in CZE analysis is
he adsorption of biomolecules onto the capillary wall through elec-
rostatic or other intermolecular (e.g., dipole-dipole or H-bond) inter-
ctions due to the forces acting between charged or neutral surfaces
nd the biomolecules of interest. This holds especially true for mon-
clonal antibodies, since they generally have higher isoelectric point
alues (7.5–10.5) and thus are attracted more easily to the oppositely
harged (deprotonated) silanol groups of BFS capillaries in BGEs with
lightly acidic or neutral pH. Such adsorption phenomena cause low effi-
iency, low recovery, peak broadening and shift in migration time. High
eparation efficiency can be achieved when the interaction between the
Ab and the inner wall of the capillary is eliminated. In order to over-

ome this problem, several strategies have been applied, including the
ppropriate choice of pH, the use of different BGE additives or capillary
oatings (the capillary coatings applicable for CZE-MS are detailed in a
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Fig. 2. Number of annual search hits related to ANTIBODIES 
and CAPILLARY ELECTROPHORESIS MASS SPECTROMETRY 
(searching with Google Scholar) where the keywords appeared 
in the titles or in the text anywhere of the articles. 

Table 1 

Reviews/books including top-down proteomic analysis of mABs by CZE-MS. 

Title Keywords in addition to mAB and CZE-MS Ref. 

Analysis of monoclonal antibodies by capillary electrophoresis: sample 
preparation, separation and detection 

sample preparation, intact, middle-up, bottom-up, proteomics, CIEF, MEKC, CGE, 
coatings 

[2] 

Recent advances (2019–2021) of capillary electrophoresis ‐mass spectrometry 
for multilevel proteomics 

2019–2021, bottom ‐up, top ‐down, proteomics, native proteins, SEC ‐CZE-MS, 
(SEC) ‐RPLC ‐CZE ‐MS, CIEF-MS, CE-MS interface 

[25] 

A mini review on capillary isoelectric focusing-mass spectrometry for top-down 
proteomics 

top-down proteomics, CIEF-MS [55] 

Insights from capillary electrophoresis approaches for characterization of 
monoclonal antibodies and antibody drug conjugates in the period 2016–2018 

2016–2018, mAb related products, CE-based methods [19] 

Recent trends of capillary electrophoresis ‐mass spectrometry in proteomics 
research 

top ‐down proteomics, bottom-up proteomics, CE-MS interfaces, capillary coating, 
CIEF, quantitative analysis 

[8] 

Recent advances in capillary electrophoresis mass spectrometry: 
Instrumentation, methodology and applications 

2016–2018, instrumental developments, two-dimensional separation systems, CGE, 
CIEF, NACE, MEKC-MS, intact protein and top-down, bottom-up, proteomics, 
clinical applications 

[21] 

Recent advances of capillary electrophoresis-mass spectrometry instrumentation 
and methodology 

2013–2017, instrumental developments, CIEF-MS, CGE-ICP-MS, chip-MS, CITP-MS, 
CEC-MS, NACE-MS, MEKC-MS, MEKC-ICP-MS 

[24] 

Cutting-edge capillary electrophoresis characterization of monoclonal 
antibodies and related products 

2010–2015, biosimilar, antibody-drug conjugates, Fc-fusion proteins, CGE, CIEF, 
MZE, MIEF, UV, LIF detection 

[26] 

Chromatographic, electrophoretic, and mass spectrometric methods for the 
analytical characterization of protein biopharmaceuticals 

RPLC, HIC, SEC, CEX, HILIC, CIEF, ITP-MS, CGE-LIF, LC − CZE − MS, intact protein 
and middle-up, top-down and middle-down, bottom-up, proteomics 

[63] 

Developments in interfacing designs for CE–MS: towards enabling tools for 
proteomics and metabolomics 

interfaces, top-down proteomics, bottom-up proteomics, glycomics, metabolomics [125] 

Applications of capillary electrophoresis in characterizing recombinant protein 
therapeutics 

2000–2013, recombinant therapeutic proteins, PTMs, CIEF, iCIEF, SDS-CGE, UV, LIF [99] 

Recent advances in the analysis of therapeutic proteins by capillary and 
microchip electrophoresis 

2012–2013, therapeutic proteins and peptides, biosimilars, coatings, CIEF, 
microchip electrophoresis 

[65] 

]Top down proteomics: Facts and perspectives top-down proteomics, liquid chromatography, electrophoresis, intact proteins, data 
processing 

[7] 

CE-MS for the analysis of intact proteins 2010–2012 2010–2012, intact protein, coatings, biopharmaceuticals, intact proteins in 
biological samples, microreactors, CE-MALDI-MS, CE-ICP-MS 

[68] 

Capillary electrophoresis–mass spectrometry for the analysis of intact proteins 
2007–2010 

2007–2010, CIEF-MS, chip-based CE-MS, CE-MALDI-MS, CE-ICP-MS, intact protein, 
protein-ligand complexes 

[67] 

Intact protein separation by chromatographic and/or electrophoretic techniques 
for top-down proteomics 

LC–MS, top-down proteomics, off-line MS, CIEF, CEC, SDS-PAGE [126] 
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eparate chapter). With an uncoated capillary, the simplest way to re-
uce interactions is if extreme pH values (either very low or very high)
re chosen for the BGE. In such cases, the net charge of mAbs and the
harge of inner capillary surface have the same sign, hence electrostatic
nteractions are significantly reduced. Dai et al. analyzed IgG1 mAb and
arried out the separation from its host cell impurities in an uncoated
apillary using alkaline buffer (pH 9.4) by CZE and MEKC (20 mM bo-
ate and 20 mM borate-50 mM SDS, recpectively) [28] . Three of the
uman IgG subclasses were resolved using an uncoated fused silica cap-
llary and 50 mM phosphate buffer (pH 9.3) [29] . MAb glycoforms were
tudied using 150 mM borate and 50 mM phosphate buffers (pH 9.4) in
4 
n uncoated capillary. Since borate readily forms complexes with carbo-
ydrates, characteristic separation patterns were found in borate buffer,
hile one single peak was observed using phosphate buffer [30] . Highly
cidic or alkaline pH values can cause structural changes in mAbs, which
esults in low recovery, therefore the use of moderate pH values and
apillary coatings are advisable. 

The selective and reproducible separation of several mAbs and their
harge variants was obtained using zwitterionic Ɛ-amino-caproic acid
EACA) combined with hydroxypropyl methylcellulose (HPMC) in bare
used silica (BFS) and coated capillaries ( 𝜇SIL-FC, Polymicro Technolo-
ies, Phoenix, AZ, USA) [31] . Preconditioning the BFS capillary between
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Table. 2 

Parameters for the CE-MS analyses of intact mAbs. 

CE mode MAb sample (pretreatment) Analytes Detection Capillary BGE Conditioning Ref. 

CE(SDS)-CZE 
(2D) 

NIST mAb (reduction (1 M DTT, 
70 °C, 10 min) dilution in 
SDS-MW) 

LC, SVs, redFs, degPs 1st: UV 
2nd: ESI-orbitrap-MS 

1st: PVA coated, 40 cm, 50 μm 

ID, 2nd: bare FS, 150 μm ID 
1st: SDS-MW, 
2nd: 1 M HAc 

1st: 0.1 M NaOH, 0.1 M HCl and 
water at 3 bar for 3 min, 
SDS-MW, 
2nd: water, CTAB, 1 M HAc at 
3 bar for 2 min 

[96] 

(CIEF) assisted 
CZE 

Sigma mAb, NIST mAb (dissolved 
in water or 10 mM ammonium 

acetate (pH 6.8) 

glyco, aggr. Q-TOF-MS LPA and LCP coated, 70 cm, 
50 μm ID 

25 mM NH 4 Ac (pH 6.8), For 
cIEF, mAB was dissolved with 
0.25% Pharmalyte 

[62] 

CZE adalimumab, beli- 
mumab,tocilizumab, 
infliximab,rituximab, 
trastuzumab-emtansine in-line 
and off-line IdeS digestion-TCEP 
reduction 

digPs, redFs UV MALDI-TOF-MS fused silica and PEO coated, 
60 cm, 30 𝜇m ID, 

25, 50, 75, 100 and 150 mM 

HAc- NH 4 Ac (pH 3, 4, 4.5, 5) and 
20% mM HAc (pH 2.1) 

fused silica: 1 M NaOH, water, 
and 0.1 M HCl (3 min each), BGE 
for 5 min, coating: PEO solution 
for 6 min, water for 5 min, BGE 
for 5 min 

[18] 

CZE adalimumab,natalizumab, 
nivolumab, palivizumab, 
infliximab, rituximab, 
trastuzumab, intact, ideS 
digestion, IdeS digestion-TCEP 
reduction 

digPs, redFs, glyco, PTMs Q-TOF-MS PEI coated, 100 cm, 30 μm ID 3% HAc [83] 

CZE infliximab reduced and IdeS 
treated, stressed (4 °C for 6 
months, protected from light) 

unfolded monomer, dimers 
digPs, redFs, 

Q-TOF-MS, AFM PB-DS-PB triple layer coating, 
60 cm, 50 μm ID 

40 mM HAc (pH 3); 
40 mM NH 4 Ac (pH 4, 5, 6, 7) 

BGE at 13.7 psi for 5 min [14] 

CZE intact, IdeS digestion-TCEP 
reduction 

digPs, redFs, glyco, PTMs Orbitrap-MS LPA coated 10% isopropanol-0.2% FA; 
middle-down: 50% methanol-1% 

FA 

0.1 M HCl at 100 psi for 5 min, 
water at 100 psi for 5 min, 
40 mM NH 4 Ac (pH 7.5) at 
100 psi for 10 min 

[72] 

CZE rastuzumab, rituximab, 
palivizumab 

glyco, CVs Q-TOF-MS PEI coated, 100 cm, 30 μm ID 3% acetic acid 
30% MeOH 

3% acetic acid at 75 psi for 3 min [82] 

CZE trastuzumab, infliximab, 
ustekinumab intact, ideS 
digestion 

glyco, CVs, Lys-variants, 
digPs 

Q-TOF-MS LPA coated, 91 cm, 30 μm ID intact: 50 mM NH 4 Ac (pH 3), 
IdeS-digested mAb: 10% or 20% 

acetic acid 

0.1 M HCl at 100 psi for 3 min, 
BGE at 100 psi for 10 min 

[73] 

CZE DTT reduction (mAb 
Hoffmann-La Roche) 

HC, LC of reduced mAb Q-TOF-MS UltraTrol LN coated, 70 cm, 
30 μm ID 

10% HAc BGE [81] 

CZE-CZE (2D) trastuzumab CVs UV QTOF-MS 1st: fused silica 
2nd: PVA coated 

1st: 380 mM EACA-1.9 mM 

TETA-0.05% HPMC (pH 5.7) 
2nd: 2 M HAc 

[75] 

CZE trastuzumab intact, glyco, dimer Q Exative Plus MS LPA coated capillary 20 mM NH 4 Ac (pH 8.0) 0.1 M HCl at 100 psi for 5 min, 
water for 5 min, BGE for 10 min 

[66] 

CZE cetuximab, ideS digestion Fc/2 variants UV, MALDI-TOF-MS HPC coated, 60 cm, 50 μm ID inlet: 200 mM EACA-25 mM 

NH 4 Ac (pH 5.7), outlet: 25 mM 

NH 4 Ac (pH 5.7) 

[78] 

CZE reduced SDS-antibody complexes SDS denatured HC, LC Q-TOF-MS UltraTrol TM , PVA, PB coated, 
55 cm, 50 μm ID 

1 M HAc water for2 min, BGE for 2 min [53] 

CZE-CZE (2D) trastuzumab CVs glyco 1st:UV 
2nd:Q-TOF-MS 

1st: fused-silica, 60 cm, 50 μm ID 
2nd: PVA coated 80.0 cm, 50 μm 

ID 

1st: 380 mM EACA-1.9 mM 

TETA-0.05% HPMC (pH 5.7) 
2nd: 2 M HAc 

1st: 0.1 M HCl for 5 min, H 2 O for 
2 min, BGE for 4 min 
2nd: BGE at 3 bar for 10 min 

[74] 

CZE SCX SPE- 
CE-ESI-MS/MS 

CHOK1, CHO K1SV cell line HCP impurities LTQ-Orbitrap-MS LPA coated 85 cm, 50 μm ID 1 M HAc [127] 

CZE cetuximab, ideS digestion, CP-B 
treatment 

Fc/2 dimers, 
Fc/2 glyco 

UV 
MALDI-TOF-MS 

HPC coated, 82 cm, 75 μm ID inlet: 200 mM EACA- 25 mM 

NH 4 Ac (pH 5.7), outlet: 25 mM 

NH 4 Ac (pH 5.7) 

[79] 

CZE IgG1 manufactured by Amgen, 
DTT reduction, ideS digestion 

HC, LC, declycosylated 
forms, Fc/2, Fab’2, glyco of 
Fc/2 

TOF-MS LPA coated, 70 cm, 50 μm ID 5%, 10%, 30% HAc [71] 

nano-ESI adalimumab only intact Q-Exactive-MS fused silca, 91 cm, 30 𝜇m ID 3% FA [86] 

( continued on next page ) 
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Table. 2 ( continued ) 

CE mode MAb sample (pretreatment) Analytes Detection Capillary BGE Conditioning Ref. 

CZE brentuximab-vedotin ADCs, ideS 
digestion 

intact, middle-up, bottom-up, 
Fc/2, Fab’2, glyco of Fc/2 

Q-TOF-MS fused silica, 100 cm, 30 𝜇m ID 10% HAc CH 3 OH at 75 psi for 10 min, 
0.1 M NaOH for 10 min, 0.1 M 

HCl for 10 min, water for 20 min, 
10% HAc for 10 min 

[114] 

CZE mouse anti-human IgG4Fc-UNLB, 
Human/Mouse/RatActivinA 
Asubunit antibody, 
Anti-phosphotyrosine antibody, 
TCEP reduction 

HC, LC LTQ-Orbitrap-MS, 
LTQ-XL-MS 

LPA coated, 50 cm, 50 μm ID 0.1% FA 0.1% FA [70] 

CZE cetuximab, ideS digestion CVs, Fc/2, Fab’2, glyco UV, MALDI-TOF-MS HPC coated, 82 cm, 75 μm ID inlet: 200 mM EACA-25 mM 

NH 4 Ac (pH 5.7), outlet: 25 mM 

NH 4 Ac (pH 5.7) 

1 M, 0.1 M NaOH at 30 psi for 
10 min, water at 30 psi for 10 
min 

[77] 

CZE commercially marketed 
humanized mAb 

glyco UV, 
MALDI-MS 

HPC coated, 80 cm, 50 μm ID 400 mM EACA-0.05% HAc (pH 

5.7) 
[76] 

𝜇CE IgG1 manufactured by HJB Ltd, 
stressed mAbs at 
40 °C for 2 weeks, 4 weeks in the 
dark, IdeS digestion-DTT 
reduction 

Fc/2, Fab’2, CVs, glyco, 
Lys-clipping variants 

Orbitrap-MS ZipChip (22 cm channel length) Native BGE provided in the 
ZipChip 
Native Antibodies Kit 

[91] 

𝜇CE rituximab, trastuzumab, 
bevacizumab 

CVs (C term Lys-variants, 
sialyated forms, deaN, 
pyro-GLu) 

Q-Exactive Plus hybrid 
quadrupole- Orbitrap-MS 

ZipChip (22 cm channel length) BGE provided in Native antibody 
kit based on NH 4 Ac (pH 5.5) 

No conditioning step is required 
and no regeneration step is 
performed between runs. Chips 
were only primed before the first 
use. 

[93] 

𝜇CE NIST mAb, intact, PNGase 
digestion, 

Lys-variants, glyco, 
de-glycosylated mAb, 
released glycans 

Q-Exactive Plus-MS, 
LIF 

ZipChip TM CE (22 cm channel 
length) 

0.2% HAc-10% IPA (pH 3.17) [89] 

𝜇CE unconjugated IgG-2, ADCs CVs (pyro-Glu, 
decarboxylation, glyco), DAR 

TOF-MS CE-ESI device by standard 
photolithography, NHS-PEG450 
coated, APDIPES coated, 23 cm 

10% IPA- 0.2% HAc (pH 3.17) [88] 

𝜇CE infliximab CVs (C term Lys-variants, 
glyco 

LCT-Premier-TOF-MS CE-ESI microchip devices by 
standard photolithography from 

0.5 mm thick B270 glass wafers, 
23 cm channel, NHS-PEG450 
coated, APDIPES coated 

10% IPA- 0.2% HAc (pH 3.17) [87] 

CIEF infliximab, adalimumab CVs (C-terminal Lys-clipping, 
deamidation, sialic acid 
modification) 

Q-TOF-MS PVA coated, 80 cm, 50 μm ID anolyte: 0.587 M NH 3 in water 
(pH 11.51) − 20% glycerol 
catholyte: 0.175 M HAc (pH 

2.75)- 20% glycerol 

water at 15 psi for 5 min, 
3 M urea at 15 psi for 10 min 

[61] 

iCIEF-CZE trastuzumab glyco, deamidation ESI-MS PVA coated, 50 μm ID catholyte: 0.1% 

methylcellulose-100 mM NaOH, 
anolyte: 
80 mM H 3 PO 4 . 

water, 0.5% methylcellulose [81] 

CIEF cetuximab, IdeS digestion-DTT 
reduction 

CVs, (Fc/2. Fab’2, HC, LC, 
C-terminal Lys-clipping) 

TOF-MS neutral coated PS1, 75 cm, 50 𝜇m 

ID 
catholyte: 0.2 N NH 4 OH-15% 

glycerol 
anolyte: 
1% FA-15% glycerol 

[17] 

iCIEF 
CIEF 

trastuzumab, 
bevacizumab, infliximab 
cetuximab, 

CVs UV 
TOF-MS 

neutral coated PS1, 75 cm, 50 𝜇m 

ID 
catholyte: 0.2 N 
NH 4 OH-15% glycerol, 
anolyte: 1% FA- 15% glycerol 

[16] 

CIEF-CZE model mAb X, 
N-glycosidase F-deglycosylation 

CVs (deglycosylated) UV 
Q-TOF-MS 

PVA coated, 60 cm, 50 𝜇m ID anolyte: 0.1 M H 3 PO 4 , 
catholyte: 0.2 M NaOH 

0.2 M FA 

[59] 

Abbreviations: 2D: two dimension separation; LC: ligth chain; SVs: size variants; CVs: charge variants; redFs: reduced forms/parts of mABs; degPs: degradation products of mAB; SDS-MW: SDS-MW gel buffer 
obtained from AB Sciex (Darmstadt, Germany); aggr.: aggregates; glyco: glyco-proteoforms; digPs: digested products of mAb; TCEP: Tris (2-carboxyethyl) phosphine hydrochloride; PEO: polyethylene oxide; PEI: 
polyethyleneimine; PTMs: post translational modifications; PB: polybrene; DS: dextransulfate; AFM: atomic force microscopy; 𝜇CE: microfluidic capillary electrophoresis; HPC: hydroyxypropylcellulose, deaN: 
asparagine deamidation; isoD: aspartic acid isomerization; ADCs: Antibody-drug conjugates; DAR: drug-to-antibody ratios; APDIPES: 3-(aminopropyl)di-isopropyl-ethoxysilane; NHS-PEG450: methyl-terminated 
polyethylene glycol n ‑hydroxy succinimide ester; FFE: free flow electrophoresis; Q-TOF: quadrupole–time of flight 
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Fig. 3. Charge variant separations conducted using two methods, (a) newly 
developed method by Shi et al., CZE running buffer: 20 mM acetic–acetate, pH 

6.0, 2 mM TETA, 0.3% PEO, (b) reference reported method, CZE running buffer: 
400 mM EACA, pH 5.7, 2 mM TETA, 0.05% HPMC, (1) basic peaks, and (2) main 
peak. Capillary effective length: 20 cm; voltage: + 30 kV; injection: 0.5 psi for 
10 s; test sample: mAb1 [34] . 
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uns with 0.1 M HCl can remove the adsorbed proteins and protonate
he surface silanol groups, facilitating the adsorption of nonionic lin-
ar polymer HPMC to the neutral surface forming a dynamic coating.
ACA can form an ion pair with proteins reducing their net charge and
an also interact with the residual (deprotonated at the pH of BGE)
ilanol groups that are not covered by HPMC. The application of EACA-
PMC (pH = 5.5) efficiently reduced the interaction between the mAbs
nd the capillary wall, and a more efficient separation of multiple IgG1
nd IgG2 mAbs was achieved compared to a commercially available
oated capillary. The addition of triethylenetetramine (TETA) to the
eparation buffer further improved the separation efficiency. Positively
harged TETA interacts with the negatively charged silanolate and re-
uces peak tailing [32] . Basic and acidic charge variants of a mAb were
eparated from the main form using BGE of 400 mM EACA–HAc, 0.05%
/v HPMC, 2 mM TETA at pH 5.7. TETA was responsible for reducing

he adsorption of basic species of the mAb on the inner wall of the capil-
ary, resulting in a significant improvement of peak shape. The capillary
as only treated with HCl (no NaOH), hence the number of residual

onized silanol groups was kept low, which could be titrated quickly by
ETA. 

An intercompany study involving 11 participating laboratories
Hoffmann-La Roche, Paul-Ehrlich Institut, Boehringer Ingelheim, No-
artis, Merck, Pfizer, Seattle Genetics, Amgen, AB Sciex) utilized an
dentical BGE system (400 mM EACA, 2 mM TETA, 0.05% HPMC at
H 5.7) for the determination of 23 stressed and non-stressed mAbs
nd their acidic and basic variants [33] . Validation characteristics ac-
ording to ICH Q2 guideline were demonstrated with 1056 separations
erformed by these 11 groups. No significant differences were found
etween the peak profiles of the electropherograms. The coefficients of
orrelation were above 0.99, precision was 1.4 RSD% (peak area of the
ain peak) and accuracies were 99.3–101.4%. Accuracy was verified

y the comparison of the CZE measurements with IEC and IEF analyses,
hich showed comparable results with regard to the corrected peak area
ercent (%CPA) composition for the main peak, the sum of acidic peaks
nd the sum of basic peaks. The best resolution of the investigated mAbs
as obtained by CZE and it was concluded that CZE can be considered
n alternative powerful platform for the charge heterogeneity testing of
Abs in the pharmaceutical industry under GMP conditions [33] . 

Shi et al. developed an alternative CZE method using polyethylene
xide (PEO) dynamic coating [34] . The BGE, containing 20 mM acetate
uffer (pH 6.0), 0.3% PEO and 2 mM TETA enhanced peak resolution
ompared to the EACA-TETA-HPMC system ( Fig. 3 ). This method is use-
ul for the separation of a few (2–6) acidic and basic variants from the
ain peak. The application of Bis-Tris buffer and PEO dynamic coat-
7 
ng agent was compared to the reference CZE approach involving the
ACA-TETA-HPMC system for 17 different mAb determinations [35] .
he addition of polyamines and zwitterions into the BGE can decrease
he adsorption phenomena and/or improve the selectivity of mAbs and
heir isoforms. 

The analysis of mAb isoforms was performed in neutral fluorocar-
on (FC)-coated capillaries (J&W Scientific), as well. The recommended
GE for FC-coated capillaries consists of 0.005% FC surfactants. Four

soforms of standard IgG1 were separated using 12.5 mM phosphate
 12.5 mM acetate + 0.005% FC surfactant at pH 7.5 [36] . A simi-
ar FC-coated capillary (μSil-FC, Agilent Technologies, Santa Clara, CA,
SA) was used for resolving the main isoforms of a commercially avail-
ble mAb, however, the applied BGE system was based on EACA-TETA-
PMC [37] . 

Excellent separation of the glycoforms of six commercial mAb phar-
aceuticals was achieved using a DB-1 (dimethylpolysiloxane based)

apillary (100 μm i.d. J&D Scientific, Palo Alto, CA, USA) and 100 mM
ris − borate-5% polyethylene glycol (PEG70000) buffer (pH 8.3). Borate
ould improve the selectivity of the glycoform variants by complexation
ith carbohydrates [38] . 

Four positively charged (FunCap type A, polybrene-dextran sulfate-
olybrene (PB-DS-PB), polyethyleneimine (PEI), UltraTrol HR) and four
eutral (FunCap type D, polyvinyl alcohol (PVA), hydroxypropyl cel-
ulose (HPC), UltraTrol LN) static capillary coatings were evaluated
n terms of their performance in separating the main isoforms of five
harmaceutical mAbs (infliximab, rituximab, bevacizumab, cetuximab,
ocilizumab) [39] . In order to obtain the best possible resolution of the
soforms in the case of a positively charged coating, it is imperative that
he pH of the BGE be lower than the pI of the mAb and that there should
e no considerable difference in the mobility of EOF and the effective
obility of the mAb. Changing ammonium acetate to EACA (at same pH

nd ionic strength) remarkably improved the isoform resolution and re-
uced peak tailing. The concentration of EACA can be higher than that
f ammonium acetate, which helps decrease adsorption without produc-
ng high Joule heating. The importance of the pH of the BGE was also
emonstrated since the resolution of mAb isoforms was driven by their
harge differences ( Fig. 4 ) [39] . 

The separation of mAb charge variants of similar sizes is deter-
ined by their charges, which are directly controlled by the pH of the
GE [ 32 , 34 , 40 , 41 ]. Additionally, the use of charged additives (such as
odium chloride, ammonium chloride and butanolamine) can result in
mproved resolution through the slower migration of the mAb isoforms.
rganic modifiers (e.g., acetonitrile) can better dissolve the hydropho-
ic parts of the mAb. The reduction of the hydrophobic interactions
etween the different charge variants explained the higher resolution
n the presence of moderate amounts of acetonitrile. However, using
rganic solvent in excess causes altered conductivity and thereby a de-
rease in resolution [41] . The addition of urea to the separation buffer
600 mM EACA-HAc, 0.1% HPMC, 2 M urea, pH 5.5) was used to resolve
he disulfide isoforms of IgG2 mAb [31] . 

.1.2. Capillary gel electrophoresis 

CGE is performed in a capillary filled with a sieving matrix as a sep-
ration medium, an alternative method to SDS-PAGE for the determina-
ion of the size variants of mAbs [ 31 , 42–49 ]. Compared to conventional
lab gel electrophoresis, CGE has many advantages such as automated
peration, increased separation efficiency, reduced separation time and
n-line detection. The first CGE separations were carried out in gel-filled
apillaries similarly to conventional SDS-PAGE. There are several diffi-
ulties associated with the use of such gels, including the limited life-
ime of the capillary, the lack of ease in controlling the polymerization,
he formation of air bubbles and their UV absorbance. Several studies
howed that size-based CE separations could be obtained with replace-
ble, UV transparent, low viscosity polymer solutions as molecular siev-
ng matrices [ 42 , 43 ]. Sieving matrices consist of a linear or branched
olymer (e.g., dextran, PEG, PEO) and are commercially available as
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Fig. 4. Comparison of various BGEs for infliximab analysis (0.5 mg/mL). (A) 10% HAc, pH 2.2, (B) 25 mM ammonium acetate, pH 4.5, (C) 25 mM ammonium 

acetate, pH 5.7, (D) 50 mM EACA, pH 5.7, (E) 200 mM EACA, pH 4.5, and (F) 400 mM EACA, pH 5.7. Capillary: 50 𝜇m id and 64.5 cm long, HPC coating. ∗ control 
standard: L-histidine [39] . 
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its. CGE allows the investigation of mAb fragmentation, elongation or
runcation, aggregation and N-glycosylation [44–49] . 

CGE separations are carried out using denaturing conditions with
urfactants, mostly SDS under either non-reducing or reducing condi-
ions. Denaturation is performed by the dissolution of the mAb in a
ample buffer containing SDS or sodium hexadecyl sulfate (SHS) and
ts incubation at elevated temperatures for a few minutes. Proteins tend
o bind a relatively constant amount of SDS (1.4 g SDS/1 g protein),
esulting in SDS-protein complexes with practically identical charge-to-
ize ratio, thus in a sieving medium, the separation is affected only by
he molecular radius of the denatured protein. 

The reducing CGE method separates reduced samples. In these cases,
ample preparation is completed by adding reducing agent (DTT or mer-
aptoethanol) to the mAb sample (or SDS sample buffer) in order to
reak inter-chain disulfide bonds. Reducing CGE is suitable for the iden-
ification and quantification of the light chain (LC), heavy-chain (HC)
f the mAb of interest as well as the non-glycosylated isoforms [ 50 , 51 ].
on-reducing CGE is used for the determination of product impurities,

ow and high molecular mass content (LMWH, HMWH) and covalent ag-
regates [ 48 , 49 , 51 ]. The addition of an alkylating reagent (e.g., iodoac-
tamide (IAM)) during the sample preparation in a nrCE-SDS workflow
an minimize the breakage of interchain disulfide bonds (blocking free
hiols), thereby prevent the formation of LC, HC and HHL (heavy-heavy-
ight chains) which would eventually worsen protein purity [48] . In the
ase of non-reducing conditions, the apparent molecular mass of mAbs
s approximately 200 kDa. Such a high value can be attributed to the
ncomplete unfolding under the non-reducing conditions used and the
resence of glycan moieties, which causes a divergence from the usual
DS/protein ratio (1.4/1) ( Fig. 5 ) [ 43 , 45 ]. In the United States Pharma-
opeia (USP) and the European Pharmacopoeia (pH.Eur.) both nrCE-SDS
nd rCE-SDS are being used for the purity and stability determinations
f related proteins [49] . 

The direct hyphenation of CGE to MS is not possible due to incompat-
bility problems and high ion suppression by the sieving matrix, there-
ore the modification of the SDS-MW gel buffer is required prior to MS
nalysis. SDS removal can be performed outside the capillary (off-line)
nd within the capillary (on-line). Lu et al. deposited mAb-SDS com-
lexes on poly(tetrafluoroethylene) (PTFE) membranes, from which the
etergent was eliminated by washing. The mAb remaining on the mem-
rane was then analyzed by MALDI-TOF-MS [52] . Recently, Sanchez-
ernandez developed a method based on the co-injection of a positively
harged surfactant (cetyltrimethylammonium bromide (CTAB) or ben-
alkonium chloride (ADBAC)) and methanol as organic solvent. The suc-
essful removal of SDS was shown in neutral coated capillaries as well
 p  

8 
s in a capillary with a positively charged coating. The usefulness of
his in-capillary strategy was demonstrated for antibodies [53] . A simi-
ar strategy was developed by Römer et al. using two-dimensional CGE–
ZE–MS method for the identification of mAb impurities and fragments.
n online SDS removal process was applied in the second dimension, by
o-injecting organic solvent (methanol) and a cationic surfactant (CTAB)
 Fig. 6 ) [54] . 

In conclusion, capillary gel electrophoresis (CGE/CE-SDS) adapts the
DS-PAGE into a capillary format, reducing the drawbacks of the slab
el arrangement. CGE is a commonly applied approach for analyzing
he size variants of mAbs in the biopharmaceutical industry. Both non-
educing CE-SDS (nrCE-SDS) and reducing CE-SDS (rCE-SDS) are being
tilized for stability and purity testing. Size-based fragments and gly-
an occupancy are determined with rCE-SDS while nrCE-SDS can reveal
ize-based fragments, covalently bound aggregates and host cell impuri-
ies. However, CGE is not applicable for determining the charge variants
s the different charges of the molecules are equalized. Due to the com-
lexity and difficulty of the hyphenation, CGE-MS has not yet become a
outine analytical procedure. 

.1.3. Capillary isoelectric focusing 

CIEF provides the most efficient separation of very similar acidic and
asic charge variants, the mechanism of which is based on differences in
I values. In the pharmaceutical industry CIEF has become an important
ethod for the characterization of mAb charge heterogeneity. The sep-

ration is carried out in a coated capillary filled with a special sample
atrix (ampholyte, mAb sample solution, pI markes, additives). A neu-

ral (e.g., fluorocarbon, PVA) coated capillary is required to eliminate
he EOF and to prevent protein adsorption on the capillary wall. The
IEF separation process involves two steps: focusing and mobilization.
uring the focusing step an applied voltage establishes a pH gradient in-

ide a neutral coated capillary resulting in the separation of mAb charge
ariants according to their pI. Following the focusing step, the separated
ones are transported towards the detector (UV, MS) by means of chem-
cal or pressure mobilization. Due to the high background absorption of
he ampholytes at 200–220 nm, detection is carried out at higher wave-
engths. Detection at 280 nm may cause the over- or underestimation of
harge variants, since charge variants may have different UV absorption
t 280 nm. 

The composition of the sample matrix determines the attainable sep-
ration efficiency. Ampholytes are essential ingredients in the sample
atrix as they generate the pH gradient and determine the selectiv-

ty and the resolution of separations. (Ampholytes are a mixture of
olyamino-polycarboxylic acids of different pI values, with high buffer-
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Fig. 5. (A) CE-SDS separations of nonreduced and reduced preparations of a 
therapeutic rMAb. Insets show silverstained SDS-PAGE traces of the same sample 
preparations: M, monomer; A, aggregate. Conditions: instrument, Bio-Rad Bio- 
Focus 3000 capillary electrophoresis system; buffer, Bio-Rad SDS running buffer; 
capillary, untreated fused silica, 50 μm i.d. and 375 μm o.d.; effective length, 
19.4 cm; injection, 15 s at – 417 V/cm; applied electric field, – 625 V/cm; tem- 
perature, 20 °C for capillary and sample compartment; detection, UV at 220 nm. 
(B) CE-SDS separations of nonreduced and reduced preparations of a 5-TAMRA, 
SE-labeled mAb. All conditions are as in (A), except detection was performed 
with laser-induced fluorescence using a 3.5-mW argon ion laser, 488 nm exci- 
tation, 560 ± 20 nm emission. Insets show silver-stained SDS-PAGE traces of 
unlabeled sample preparations [44] . 
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ng capacity near their pI.) Cellulose derivatives are used as dynamic
oating and the pH gradient is stabilized with viscosity enhancers. As
uch, glycerol is an alternative additive that is suitable for hyphenation
ith MS. Other additives such as surfactants or denaturants (e.g., urea,

ucrose, formamide, salts) are commonly used to minimize precipita-
ion, aggregation, to achieve a better resolution of charge variants and
o ensure reproducibility. The selectivity and duration of the separa-
ion are also affected by the BGE composition, the type of catholyte and
nolyte [55] . 

In recent years, imaged CIEF (iCIEF) has been increasingly utilized
or monitoring the charge heterogeneity of therapeutic mAbs. The iCIEF
ehnique offers improved resolution due to the absence of the mobiliza-
ion step. The method was introduced in 1992 to avoid possible peak
roadening during mobilization [56] . 

CIEF with MS detection provides an even more in-depth characteri-
ation, however, coupling remains problematic due to the high concen-
rations and non-volatility of ampholytes and additives. The presence
9 
f ampholytic components may interfere with sample ionization. The
rst attempt to on-line hyphenate CIEF and MS for protein analysis was
ublished by Tang et al. [57] . An electrospray ion source with a coax-
al sheath flow configuration was used for interfacing. An LPA coated
apillary was filled with a solution containing proteins and carrier am-
holytes (Pharmalyte 3–10, Pharmacia, Uppsala, Sweden). Focusing was
erformed with 20 mM phosphoric acid and 20 mM sodium hydroxide
s the anolyte and the catholyte, respectively. The focused protein zones
ere mobilized by replacing the sodium hydroxide catholyte with a so-

ution containing methanol, water and HAc (v/v/v 50: 49:1) at pH 2.6.
his solution was also employed as the sheath liquid in the ESI interface
57] . 

This method was further developed by Zhong et al. [58] . A simple
ow-through microvial interfacing strategy for CIEF-MS was demon-
trated that combines the advantages of glycerol as an anticonvective
edium. Model proteins were mixed with the ampholytes (Fluka pH
–10), anolyte consisted of 50 mM formic acid (FA) in 30% glycerol,
atholyte was 100 mM ammonium hydroxide in 30% glycerol. Modifier
olution comprised methanol, water, HAc (v/v/v 50:48:2). The use of
lycerol provides increased resolution and reasonable ESI-MS sensitivity
58] . 

Hühner et al. hyphenated CIEF with CZE-ESI-MS applying a mechan-
cal valve. In general, such 2D CIEF-CZE-MS methods can be divided
nto two parts. First, a CIEF separation is carried out until the position-
ng of the analyte in the sample loop of the valve is performed. After
witching the valve to the second dimension (CZE-MS), the remaining
SI-interfering components of the CIEF electrolyte are separated from
he analytes prior to MS detection. BGE solutions were 0.1 M H 3 PO 4 as
nolyte, 0.2 M NaOH as a catholyte for the first dimension and 2 M FA
or the MS compatible CZE separation. Charge variants from a deglyco-
ylated model antibody were analyzed at the intact level [59] . 

2D iCIEF-CZE-MS system was applied by Montealegre et al. The
ocused peaks from the iCIEF system are transferred to a four-port
anoliter valve where peaks of interest are cut and transferred via
ZE to ESI-MS. The main charge variants of trastuzumab were char-
cterized. The most intensive acidic variant was attributed to deami-
ation, while the basic variant was proposed to be either the result
f succinimide formation or partial cyclization of N-terminal glutamic
cid [60] . 

A CIEF-MS method was firstly presented by Dai and Zhang [17] for
he charge variant analysis of four marketed mAbs (bevacizumab,
rastuzumab, infliximab, cetuximab) using an electrokinetically pumped
heath-flow nanospray ion source and TOF-MS with pressure-assisted
hemical mobilization. MS-friendly anolyte (1% FA with 15% glycerol)
nd catholyte (0.2 M NH 4 OH with 15% glycerol) were applied. Neutral
oating was used for the CIEF-MS separation. The sheath liquid was ei-
her 20% HAc with 25% acetonitrile or 0.5% FA with 50% methanol.
rotein samples (0.1 − 1.0 mg/mL) were prepared in 1.5% Pharmalyte
–10 with 5 − 20% glycerol content. The imaged IEF (iCIEF-UV) sepa-
ations were performed in a fluorocarbon-coated capillary, the anolyte
as 80 mM phosphoric acid, the catholyte was 100 mM sodium hy-
roxide, both in 0.1% methylcellulose. Sample buffer contained 0.35%
ethylcellulose, 4% Pharmalyte 3–10, 2 M urea and 0.1% pI markers

pI 4.6 and 9.5) [17] . 
The previously reported CIEF-MS method for intact mAb analysis

xhibited excellent resolution of charge variants conforming to those of
CIEF-UV. However, for complex mAbs, CIEF-MS spectra of the intact
harge variant peaks may show overlapping, which inhibits successful
ata processing and interpretation. Charge heterogeneity characteriza-
ion of intact mAbs represents real analytical challenges, not only for
ariants with relatively small mass differences but also for heavily gly-
osylated mAb molecules. Dai implemented a middle-up approach to
nhance the capability of the CIEF-MS method for characterizing com-
lex mAb charge variants. The CIEF-MS parameters and BGE solutions
ere the same as in his previously reported research. In order to re-
uce sample complexity, Cetuximab was treated by IdeS enzyme and
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Fig. 6. Setup and workflow of the CE (SDS)- 
CZE-MS system. a Detailed scheme of position 
A in the nanoliter valve, where the reduced 
mAb1 is separated in the 1 D CE (SDS). The po- 
sitioning of methanol (red) and cationic sur- 
factant (blue) in the 2 D is done simultaneously 
for the SDS removal. b CE (SDS)-UV separation 
from the reduced mAb1 in the 1 D. c Detailed 
scheme of position B where the peak of interest 
from mAb1 is transferred to the 2 D in between 
the zones of methanol and cationic surfactant. 
d Base peak electropherogram (BPE) showing 
the 2 D CZE-MS separation of the transferred 
peak from the interfering components of the 
SDS-MW gel buffer and its raw mass spectrum. 
Conditions 1 D: 50 𝜇m ID fused silica capillary, 
SDS-MW gel buffer, separation voltage − 15 kV, 
UV detection 200 nm. Conditions 2D: 50 𝜇m ID 

PVA-coated capillary, 1 M HAc as separation 
buffer, separation voltage + 10 kV. MS con- 
ditions: positive ion mode (4.5 kV), dry gas 
4.0 L/min at 170 °C, nebulizer 0.2 bar, sheath 
liquid 2-propanol:water (50:50, v/v) with 0.2% 

(v/v) FA with a flow rate of 3.3 𝜇l/min, mass 
range 700–3500 m/z . SDS-removal strategy ap- 
plied in the 2 D: 50 mbar for 12 s methanol 
plus 50 mbar for 20 s 0.4% (w/v) CTAB in 
methanol:water (50:50, v/v) [54] . 
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ithiothreitol (DTT). This middle-up approach is a valuable workflow
or accurate identification of charge variants for complex therapeutic
Abs [16] . 

Another group used a catholyte comprising 1.0% v/v HAc (0.175 M,
H 2.75) + 20% v/v glycerol, and an anolyte containing 1.0% w/v am-
onia in water (0.587 M, pH 11.51) + 20% v/v glycerol for the charge
eterogeneity separation of four mAbs. The CIEF effluent was mixed
ith a chemical modifier in the flow-through microvial interface to
aintain the ESI stability and to decrease ion suppression from the co-

luted carrier ampholytes and glycerol. The CIEF sample mixture was
omposed of 0.50 mg/mL mAb sample, pI markers (75 𝜇g/mL),1.0%
/v Fluka carrier ampholyte (pH 3–10), 2.50 mM arginine, 2.50 mM

minodiacetic acid and 20% v/v glycerol. The analysis of mAb samples
evealed lysine clippings, deamidation and sialic acid modification in
ligosaccharide chains [61] . 

Recently, Shen et al. presented a novel CIEF-assisted CZE-MS plat-
orm for the analysis of mAb under native conditions in a linear carbo-
ydrate polymer (LCP)-based neutral coated capillary with much larger
ample loading capacity than native CZE-MS alone. First, an online IEF
ample stacking process was performed in a narrow pH range to pre-
oncentrate the analytes and increase the loading capacity in native
ZE-MS conditions. For CIEF, Sigma mAb was dissolved in 10 mM am-
onium acetate (pH 6.8) with 0.25% Pharmalyte 3–10. Before sam-
le injection, 160 nL 50 mM ammonium acetate (pH 9.0) was injected
s the catholyte. For the CZE separation, BGE was 25 mM ammonium
cetate (pH 6.8). CIEF-assisted CZE-MS achieved high-quality charac-
erization of glyco-proteoforms, charge variants and aggregates of two
igma mAbs [62] . 

The hyphenation of CIEF with MS has only recently been published
y a few groups. However, such coupling approaches are expected to
nd extensive application in the future, since there is a great demand in
he pharmaceutical industry to facilitate the high level characterization
f mAbs. 

.2. Capillary coatings for CZE-MS 

The analysis of large biomolecules in BFS capillaries can be accom-
anied by several difficulties, the most common problem being the ad-
10 
orption of biomolecules onto the capillary wall [ 8 , 63 , 64 ]. The strate-
ies generally applied for minimizing these adsorption effects utilizing
ow-pH BGE solutions or the inclusion of BGE additives [65] , however,
re known to cause poor efficiency and resolution of the component
eaks according to the equation demonstrated by Belov [66] . In cases
here the low-pH buffer solution does not provide the desirable results
nd the application of modifiers shows incompatibility with the CZE-MS
nterfacing, coating the capillary wall becomes an alternative [ 67 , 68 ].
apillary coatings act as a shield against large biomolecules and are
enerally classified as dynamic and static coatings due to their phys-
cal adsorption and covalent attachment to the capillary wall, respec-
ively. Some research groups, however, prefer to classify them based on
heir hydrophobicity (hydrophobic and hydrophilic coatings) or based
n their charge (the latter includes charged and neutral coatings) [63] .
n Table 3 the coatings used for the top-down analysis of mAbs with
ZE-MS were summarized. 

Neutral coated capillaries found their wide application in the sep-
ration of post-translationally modified mAbs species. Linear polyacry-
amide (LPA) coating (a static and neutral coating) excels at minimizing
he solute-wall interactions by significantly suppressing the EOF. Com-
onents are separated based on their own electrophoretic forces in a
lightly acidic buffer condition (between pH 2–6, otherwise polyacry-
amide tends to hydrolyze) [69] . 

LPA coated capillaries have been used for the separation of the light
LC) and heavy chains (HC) of reduced mAbs by Zhao et al. [70] us-
ng a CZE-ESI-MS system. The separation of two different reduced mAb
ixtures was also achieved by applying identical conditions. The same

ear Han et al. [71] presented the separation of mAb digests with and
ithout the reduction step in an LPA coated capillary. The digestion
as performed by IdeS enzyme (FabRICATOR), which cleaves at a spe-

ific site below the hinge region, yielding large F(ab‘)2 ( ∼100 kDa) and
c/2 ( ∼25 kDa) fragments and upon reduction, F(ab‘)2 fragment was
urther cleaved into LC ( ∼25 kDa) and Fd ( ∼25 kDa) fragments of the
C. The results suggested that in order to obtain information about the
lycosylation forms and other modifications, the incorporation of the
eduction step is necessary. Later, Belov et al. [72] performed intact
Ab analysis using native CZE-MS conditions in LPA coated capillaries.
hereby the identification of 1X-glycosylated, 2X- glycosylated, agly-
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Table 3 

The coatings used for CZE-MS analysis of mAbs. 

Coating Surface charge Bonding/interaction Coating type Ref. 

LPA neutral Covalent static 70–72 
PVA neutral Covalent static 74 
LCP neutral Covalent static 62 
HPC neutral Covalent static 76–79 
PEO neutral intermolecular ∗ dynamic 18 
UltraTrol 𝐓𝐌 LN neutral Electrostatic dynamic 81 
PEI positive Covalent static 82 
M7C4I positive Electrostatic dynamic 72 
PB-DS-PB positive Electrostatic dynamic 68 

∗ Van der Waals or/and hydrogen bonding. 
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osylated variants together with the main variant and low abundance
imers was feasible. 

A commercial, neutrally coated capillary, ending in a porous tip was
mployed by Haselberg et al. [73] which is designed for a nanospray
heathless interface (CESI-MS). The coating covers the capillary wall
ith the hydrophilic polyacrylamide-based agent (Sciex, Neutral Op-

iMS Cartridge), therefore ensures the extended separation time win-
ow and increases sensitivity. The group carried out intact and middle-
p analysis of different mAbs. Intact analysis of ustekinumab by low-
ow sheathless CE-MS yielded the partial separation of glycosylated and
lipped species. However, following the digestion of mAb with IdeS en-
yme, a detailed characterization of Fc/2 variants could be achieved.
urthermore, 36 variants were identified in total, including deamidated
orms, glycosylated and clipped variants. BGE consisting of 10% HAc
as found optimal for the measurements. 

The identification of glycosylated variants was reported by Jooss
t al. [74] and Schlecht et al. [75] in capillaries utilizing another neutral
olymer coating, PVA. The analysis of trastuzumab (glycosylated and
eglycosylated) charge variants was carried out, where the acidic vari-
nts could most likely be attributed to deamidation. The N-glycosidase F
nzyme used for deglycosylation is known to induce additional deamida-
ion and, as a matter of fact, the signal intensities for the acidic variants
id increase in the case of deglycosylated mAb charge variant analysis.
uthors suggest that the utilization of the proposed heart-cut instru-
ental setup circumvents the complications arising from using non-MS

ompatible BGEs. Therefore, this system allowed the use of an EACA
ased BGE (pH = 5.7) in the first dimension for mAb charge variant
eparations, whereas the second dimension applied a coated capillary,
n which the ESI-interfering components were separated from the mAb
ariants. 

In a recent paper published by Shen et al. [62] a novel neutral coat-
ng was developed for the native CZE-MS analysis of mAbs. The in-house
ade linear carbohydrate polymer (LCP) coating is based on the carbo-
ydrate monomer 3-O-acryloyl- 𝛼/ 𝛽-D-glucopyranose. The coating func-
ions in a similar way to other neutral coatings (as earlier explained for
PA). However, the comparison of the electropherograms obtained with
he LCP and LPA coated capillaries suggested that LPA coating still failed
o suppress the adsorption of the macromolecules while LCP capillary
oating presented a 6-fold increase in mAb peak intensity. The high peak
ntensity provided by the LCP-coated capillary was associated with the
igh resistance of carbohydrate-based polymers to non-specific protein
dsorption. 

Biacchi et al. [76–78] demonstrated the applicability of HPC coat-
ng for the separation of mAb variants. Although HPC (and HPMC) is
enerally used as a BGE additive, several studies show its implementa-
ion as a static coating. The coating is attached to the capillary surface by
ovalent interactions and covers the silanol groups so as to minimize ad-
orption. Thereby, the middle-up/down characterization of F(ab ′ )2 and
c/2 charge variants of cetuximab was feasible after fraction collection
nrichment was applied to the sample [ 77 , 78 ]. Similarly, François et al.
79] presented the separation and identification of intact (Fc/2) and ly-
11 
ine truncated (Fc/2-K) variants of cetuximab Fc/2 fragment in a HPC
oated capillary by using the same fraction collection strategy to off-line
ouple CZE to MALDI-MS/nanoESI-MS systems. 

Dynamic neutral coatings have also been applied by some research
roups. PEO is a linear polymer, which can also limit the possible mAb
r BGE interactions with the capillary surface. However, in the case
f dynamic coatings the effective coverage of the capillary surface and
S compatibility are always under question since a small “bleeding ” of

he capillary can lead to background noise, suppression of analyte sig-
als and contamination in the ion source [80] . Nevertheless, Dadouch
t al. [2] applied PEO coated capillaries for the analysis of intact mAb
ariants, subunits and domains. They investigated the possibility of in-
egrating the reduction and IdeS digestion steps in-line into the CZE-MS
orkflow in order to facilitate and accelerate sample preparation for
iddle-up analysis. Another neutral and commercial dynamic coating,
ltraTrol TM LN (Polymicro Technologies AZ, USA) was used by Höcker
t al. [81] to compare the performance of nanoflow sheath liquid (SL)
nterface with the performance of triple-tube SL and sheathless inter-
aces for CZE-ESI-MS in the separation of reduced mAb subunits. 

In the case of positively charged capillary coatings, the surface
ilanols are covered with positively charged groups, hence the direc-
ion of the EOF is reversed towards the anode. The counter directed
OF against the electrostatic forces ensures a better resolving power.
iorgetti et al. [82] used positively charged static PEI coating for the

eparation and identification of 3 different mAb components at the in-
act level. Due to the coating and optimized acidic BGE conditions they
ere able to detect trastuzumab, palivizumab and rituximab isoforms

n less than 20 min with CZE-ESI-MS (RSD(t) < 3% for 10 measure-
ents). This method also allowed the detection and identification of
X-glycosylated and 2X-glucosylated forms. Recently, the same group
83] updated their work by trying the same coating and CZE conditions
or the separation of 7 different mAbs not only in their intact forms but
lso at the middle-up (digestion) and middle-up reduced levels (diges-
ion and reduction). The positively charged coating enabled the sepa-
ation of acidic variants, main peaks and basic variants of mAbs in this
rder, in less than 12 min using an acidic BGE. The middle-up strategy
llowed the identification of the isoforms of the Fc/2 and F(ab) ′ 2 frag-
ents, while variants containing micro- and macroheterogeneities from
-glycosylation to asparagine deamidation were separated following the

eduction of the F(ab)‘2 fragments into light chains and Fd parts. Simi-
ar experiments were performed by Belov et al. [72] , who demonstrated
he separation of Fc/2 fragment glycoforms after digestion with IdeS
nd the baseline separation of the 1X-glycosylated, 2X-glycosylated and
glycosylated forms of the intact species under denaturing conditions
ithout digestion. Separation performance was increased by applying
-(4-iodobutyl)4-aza-1-azoniabicyclo[ 2 , 2 , 2 ] octane iodide (M7C4I) as
apillary coating, which has a lower reversed EOF mobility compared
o the cross-linked PEI (cPEI) coating. The coating has a lower density
f positively charged groups hence a lower reversed EOF is generated. 

Another positively charged coating is the successive multiple ionic
olymer layer (SMIL), which has been widely used for the CZE separa-
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Fig. 7. The change in the calculated charge of basic, acidic and main species 
with the pH in the range of 4.5–9.5. Protein Calculator was used to calculate 
the pI and charge at different pH conditions [32] . 
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ion of smaller biological macromolecules. Previously, Haselberg et al.
68] suggested that a 3-layered coating covers silica surface fully and
herefore suppresses the adsorption much better than a single layer of
olybrene, due to the increased layer thickness. Additionally, SMIL coat-
ngs are known to show compatibility with the MS system causing no
onization suppression of components [84] . The first application of the
ultiple layer coating with PB-DS-PB for intact therapeutic mAb sepa-

ation in a CZE-MS setting was presented by Minh et al. [14] . They in-
estigated the denaturing/unfolding and the aggregation of therapeutic
Abs under storage stress. Their findings suggested that IdeS digested

tressed samples contain unfolded monomer fragments as well as ho-
odimers of Fab fragments. 

In summary, the majority of CZE-MS works mentioned (as can be
een from the Table 2 ) present the application of static coatings while
he use of dynamic and BFS appeared only in a few studies. The reasons
ould be the wide literature coverage about their efficiency, when ap-
lied for the separation of smaller intact proteins as well as the fact that
tatic coated capillaries are typically the capillaries of choice by most
harmaceutical companies. However, recently, Hamidli et al. [85] pre-
ented a comparative study of uncoated, static and dynamically coated
apillaries for intact protein analysis (differing from 5 kDa to 64 kDa
n size). It was demonstrated that BFS capillaries can produce similar
recision and efficiency values to coated capillaries, once the ideal sep-
ration conditions (e.g., pH 1.7–2.0 for BFS) are employed. Since there
re a relatively few studies about the analysis of intact mAbs with CZE-
S with a given capillary coating and several controversial studies exist,

here is a necessity for further research in this area. 

.3. Separation media for CZE-MS 

The choice of BGE composition is quite limited for MS detection
ompared to conventional CZE-UV. CZE coupled with ESI-MS requires
he use of volatile solutions. The components and additives commonly
sed in CZE-UV (e.g., phosphate, borate, detergents, polimers) should
e avoided, since those would lead to volatility problems, adduct for-
ation or ion suppression in MS. The most frequently utilized BGEs in
 CZE-MS setting are HAc, FA and buffers of ammonium acetate and
mmonium formate. However, the application of high pH BGEs has not
ecome widespread, since if the pH of the BGE is too close to the pI of
he mAb, its solubility is reduced. 

The simplest and most often applied approach in CE-MS is the use
f one-component acidic solutions as BGE (e.g., FA, HAc). 3% FA was
pplied for the analysis of intact adalimumab under nanoESI conditions
n a fused silica capillary [86] . Reduced mouse IgG4 was analyzed using
GE consisting of 0.1% FA or 5% HAc in an LPA coated capillary [70] . 

Haselberg et al. performed the CE-MS analysis of intact and IdeS-
igested (middle-up approach) mAbs [73] . The use of acidic BGE (10%
Ac) for intact mAb separation provided the resolution of clipped

pecies (light chain and light chain-heavy chain fragments) from the na-
ive protein. Moreover, glycoforms containing sialic acids were resolved
rom their non-sialylated counterparts. In the case of IdeS digests, BGEs
onsisting of either 10% or 20% HAc were used. The F(ab’)2 and Fc/2
ortions where efficiently resolved for the three mAbs. 

CZE-MS separation of seven mAbs (adalimumab, natalizumab,
ivolumab, palivizumab, infliximab, rituximab and trastuzumab) at the
ntact, middle-up and bottom-up levels was conducted with 3 and 10%
Ac as BGE (pH 2.1). BFS capillary was used (100 cm, 30 μm i.d.)

or bottom-up analysis, while PEI coated (80 cm, 50 μm i.d) capillar-
es were applied for the intact and middle-up levels. The separation of
ntact isoforms was obtained in less than 12 min. The MS spectra of in-
act mAbs proved the presence of major high molecular mass PTMs as
-glycosylations [83] . 

Using a PEI-coated capillary under acidic conditions, a higher EOF
obility relative to the electrophoretic mobilities of mAb was observed.
he EOF mobility was typically two to three times higher than the an-
lyte electrophoretic mobilities. Separation performance could be im-
12 
roved by reducing the EOF. The lowest EOF mobility and highest mAb
pparent mobilities was found at BGE composition: 50% methanol + 1%
A. This acidified methanolic BGE was successfully applied for the
iddle-down analysis of Fc/2 glycoforms. For the intact level CZE-MS,
owever, the optimal BGE was found to be 10% isopropanol + 0.2% FA
72] . 

Trastuzumab, rituximab and palivizumab were analyzed at the intact
evel applying 3% HAc as BGE in a PEI coated capillary. Sample buffers
f different compositions were tested, based on which the optimal con-
itions were determined as 30% methanol, 1% FA with a 6.7 mM mAb
nal concentration. For each mAb, glycosylated structures were sepa-
ated and identified. Deconvoluted mass spectra exhibited the classical
lycoform pattern, the three most abundant glycoforms being G0F/G0F,
0F/G1F, and G1F/G1F. Concerning basic and acidic variants, potential
spartic acid isomerization and asparagine deamidation were observed
82] . 

A BGE of 0.2% HAc-10% IPA (pH 3.17) was applied in a microchip
ZE ESI-MS system for the analysis of infliximab, an IgG2 type mAb and
NGase F digested NIST mAb [87–89] . 

Since charge variants of a given mAb have a similar charge profile in
he entire pH range, their proper separation is mainly possible only in a
ery narrow pH range, where minimal differences arise in their charges.
nder strong acidic conditions the differences between charge variants
re not obvious. The total charge of charge variants decreases quickly
hereas the relative charge differences among charge variants increases

ignificantly when the pH increases from 4, thus the separation of charge
ariants can be mainly improved between pH 4–7 ( Fig. 7 ) [32] . 

Different conformational states of infliximab were partly separated
sing a BGE of near physiological conditions (40 mM ammonium ac-
tate, pH 6.0) in a PB-DS-PB coated capillary. The middle-up CZE-MS
nalysis of the stressed samples suggested that dimer formation involved
ostly Fab-Fab interactions [14] . 

Six different mAbs were analyzed at the middle-up level using ammo-
ium acetate buffer of differing pH (pH 3, 4, 4.5, 5) and concentrations
anging between 20 and 150 mM in fused silica and PEO coated capil-
aries. A novel automated methodology for mAb quality control at the
iddle-up level is described. In-line TCEP reduction of disulfide bonds

nd simultaneous IdeS digestion-TCEP reduction were successfully inte-
rated inside the capillary. The method was used for MALDI-MS off-line
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ssays, the developed conditions are compatible with CZE-MS measure-
ents [18] . 

Two-dimensional (2D, heart-cut) separation techniques have been
eveloped to combine CZE with MS detection. Jooss et al. proposed a
ZE-CZE-MS platform, where the 2nd dimension enables the elimina-
ion of interfering electrolyte compounds used in the 1st dimension by
eparating them from the analytes of interest. The two dimensions are
nterfaced using a mechanical four-port valve. Since the non-ESI com-
atible components are removed prior to MS analysis, various CE separa-
ion modes can be applied as 1st dimension including CZE, CIEF and CE
SDS). The designed 2D approach was utilized for the characterization
f intact and deglycosylated trastuzumab. In the 1st dimension a generic
ACA–based BGE was used (380 mM EACA, 1.9 mM TETA, and 0.05%
PMC, pH = 5.7). Analyte peaks were transferred from the CZE-UV to

he CZE-MS dimension, where the highly ESI-interfering EACA was re-
laced by 2 M HAc as BGE in a PVA-coated capillary. The co-transferred
SI-interfering EACA was successfully separated from the mAb zones in
he 2nd CZE dimension prior to MS detection. Deconvoluted mass spec-
ra revealed the presence of potential deamidation products as acidic
ariants [ 74 , 75 ]. 

ZipChip Native Antibody Kit (908 Devices, Boston, MA, USA) with
H 4 Ac (pH 5.5) and 4% DMSO as BGE was utilized by Carillo and Sun

n microchip-CE-MS. Charge variant profiling of trastuzumab and beva-
izumab were carried out, where charge variants derived from deami-
ation, succinimide formation, sialylation, pyro-Glu-formation, C-term
ysine truncation [ 90 , 91 ]. 

.4. MS analysis of mAbs 

.4.1. Technical requirements 

The difficulties associated with CE-based approaches have already
een discussed, however, the MS-linked analysis of mAbs brings an ar-
ay of additional challenges and potential failures. It is beyond the scope
f this review to describe a detailed comparison of ion sources and mass
nalyzers, herein only some general guidelines are highlighted to pro-
ide the reader a better understanding of what aspects to take into con-
ideration when analyzing mAbs with MS. 

Depending on the ion source used, the complexity of the mass spectra
btained may differ considerably. Generally, ESI sources are preferred
ecause ESI-MS can be easily on-line coupled with flow systems (HPLC,
E). In ESI, multiply charged ions are generated, whereas using MALDI
sually singly or doubly protonated ions are formed. Since resolution de-
eriorates with increasing molecular mass, MALDI cannot provide accu-
ate mass determination [77] . On the other hand, ESI promotes various
dduct formations leading to significant signal heterogeneity, which can
lso result in deviations from the theoretical mass, although to a much
ower extent than with MALDI. 

Another important aspect is the efficient transmission of mAb species
nto the mass spectrometer. MAb formulations often contain high salt
oncentrations, therefore mAb molecules are most probably present as
alt and/or water adducts, which inhibits their sensitive detection. In
rder to enhance signal intensity, in-source collision induced dissoci-
tion (isCID) can be utilized [ 66 , 72 , 82 , 89 , 92 , 93 ], which assists in the
eclustering/desolvation of the molecule, without disrupting the non-
ovalently bound subunits. 

The proper choice of mass analyzer is of crucial importance. On the
asis of high resolution and high mass accuracy being the fundamental
equirements, quadrupole time-of-flight (QTOF), Orbitrap and Fourier-
ransform ion cyclotrone resonance (FT-ICR) stand a chance in success-
ul mAb analysis. Due to the immensely high purchase price and main-
enance cost of FT-ICR instruments, their use is rather limited. Most
ublications in the CZE-MS literature of mAbs mention the utilization
f either QTOF [ 14 , 73 , 74 , 77 , 79 , 81–83 ] or hybrid quadrupole Orbitrap
 72 , 86 , 89–96 ] mass analyzers. 

As concerns the true top-down investigation of mAbs, the tandem MS
unction comes into play. The most common fragmentation techniques
13 
nclude collision induced dissociation (CID), higher-energy collisional
issociation (HCD), electron transfer dissociation (ETD), electron cap-
ure dissociation (ECD) and ultraviolet photodissociation (UVPD). One
f the main objectives of top-down or middle-down analysis is the se-
uencing of mAbs or their subunits with respect to the localization of
TMs. With regard to the fulfillment of such endeavours, CID and HCD
re the weakest links, mostly because of limited fragmentation coverage
97] and their tendency to fragment the most labile bonds, which can
esult in the elimination of PTMs [ 98 , 99 ]. In the case of electron-driven
ragmentation methods (ECD, ETD), however, PTMs are retained, since
he preferential cleavage site is not necessarily the most labile bond,
hich allows us to reveal the location of PTMs. UVPD utilizes high en-

rgy photons and has the potential to enhance fragmentation coverage.
wing to the large size of mAbs and the ”protective ” feature of disulfide
onds, the fragmentation of mAb molecules, as a whole, is exception-
lly difficult. Therefore, the middle-down approach is preferred, where
deS digested and/or reduced mAbs are subjected to gas-phase fragmen-
ation [ 72 , 96 ]. Römer et al. performed a comprehensive study on a re-
uced mAb, exploring the complementary fragmentation pathways of
CD, ETD and UVPD [96] . 

.4.2. Intact mass determination 

Intact mass analysis can provide detailed insights about protein in-
egrity and domain specific alterations, enabling glycoform characteri-
ation, determination of PTMs and disulfide bonds shuffling with high
ass accuracy [ 100 , 101 ]. However, the analysis of complete mAbs in

heir intact state does not always yield the desired high mass accu-
acy, resolution and sensitivity, since the higher the molecular mass of
he component, the more challenging it is to identify and distinguish
he small mass changes (deamidation ( ∼1 Da) or disulfide oxidation
 ∼2 Da)) in the molecule. Therefore, middle-up strategies have gained
ttention, which entail the intact mass determination of larger subunits
btained as a result of specifically cleaving the mAb of interest. Applying
imple sample preparation steps (e.g., reduction, IdeS digestion, stress-
ng), it is possible to profile mAb HC and LC subunits [ 53 , 70 , 71 ], Fc and
(ab) fragments [ 71 , 79 , 83 ] as well as to identify different PTMs [ 19 , 73–
6 , 89 ] and structural alterations [ 14 , 62 , 66 ]. So far, there is no method
etermining these small mass differences in intact mAbs without prior
leavage even by using high resolution mass analyzers [ 102 , 103 ]. 

The level of difficulty in interpreting intact mAb mass spectra is
argely dependent on the chosen ionization method (MALDI vs ESI), as
ell. In general, ESI is the most frequently utilized technique owing to

ts ability to impart multiple charges on analytes, facilitating the detec-
ion of high molecular mass components in a lower m/z range, compared
o MALDI spectra. 

Under denaturing conditions (e.g., strongly acidic pH) ESI spectra
how the presence of even higher charge states (thus smaller m/z val-
es), resulting in broader charge envelopes. This became the method of
hoice in the analysis of mAbs to ease the interpretation of mass spec-
ra and mass calculations. However, denaturation also implies that intra-
nd intermolecular bonds are destroyed and therefore, studying the qua-
ernary, tertiary structures and non-covalent interactions is not possible
101] . For the investigation of higher order structure and protein self-
ssembly, native MS was introduced, which uses neutral pH to trans-
er the intact macromolecules into the gas phase, keeping their folded
tructures [ 101 , 102 , 104 ]. However, in neutral milieu, mAb molecules
cquire a relatively low number of charges and thus, mass spectra dis-
lay a narrower charge envelope. On the one hand, this increases the
ignal to noise ratio; on the other hand, the appearance of signals is
hifted to a higher m/z range [ 101 , 102 ]. The latter aspect necessitates
he use of analyzers with extended upper mass limit and high resolving
ower (e.g., Orbitrap). 

In a recent interlaboratory study, Srzentric et al. [103] investigated
he most common mistakes in the mass determination of mAbs. Accord-
ng to their observations these errors originate from i) incomplete re-
uction of disulfide bonds, ii) misassignment of the monoisotopic mass
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nd iii) using the average mass instead of the monoisotopic mass for
alculations. 

.5. Coupling of CZE with MS 

Given the intrinsic complexity of mAbs, direct infusion of such for-
ulations results in complicated, overlapping spectra, inhibiting spec-

ral elucidation. An upfront separation technique is therefore manda-
ory. Coupled techniques (e.g., CE-MS, LC-MS) play an important role in
olving complex analytical problems [105] . Beyond LC-MS approaches,
E-MS has been witnessing an expanding array of applications, which
as penetrated into the field of characterizing biopharmaceuticals. This
s substantiated by the immense wave of publications related to such
orkflows [ 8 , 21 , 25 , 67 ]. While LC-MS is generally considered to be a
o-to method for proteome profiling, there are certain instances where
E proves to be more appropriate due to its separation mechanism based
n size-to-charge ratio – often revealing complementary information to
hose obtained by conventional HPLC approaches. The advantage of CE
regarding the analysis of mAbs) is the ability to separate species dif-
ering only slightly in molecular mass, provided that these modifica-
ions induce charged state variance. The electrophoretic mobility data
cquired from the separation can even promote the correct assignment
f mass spectral data, therefore CE, together with MS detection, has the
otential to grow into a powerful analytical platform for the determina-
ion of mAbs and their microheterogeneities. The choice of interfacing;
owever, has a remarkable impact on the successful exploitation of what
he instrumentation can offer. One of the main considerations is the ef-
cient transfer of the separated analyte from liquid to gas phase. From
mong the atmospheric ionization techniques, ESI shows exceptional
uitability for proteomic studies because of its ability to ”make elephants
y ” [106] . Moreover, atmospheric pressure chemical ionization (APCI)
nd atmospheric pressure photoionization (APPI) are better suited for
ess polar and apolar analytes. There are, however, certain difficulties
rising when coupling CE with ESI-MS, namely, the establishment of a
losed electrical circuit for CE, the careful choice of volatile BGE, the
ormation of a stable electrospray (despite the low (or no) liquid flow
n the CE capillary) and maintaining harmony between the speed of
eparation and data acquisition. Ever since its introduction in 1987 by
mith and coworkers [107] , CE-ESI-MS has undergone considerable im-
rovements, with the development of various interface designs. In the
ollowing sections this progress will be shown concerning on-line and
ff-line hyphenation, limiting the scope to the platforms used for the
etermination of mAbs and their related products. Although the present
eview focuses on top-down analysis, the cited research articles dealing
ith the analysis of mAbs typically demonstrate the use of multi-level

nvestigation (e.g., native, intact, top-down, middle-down/up and bot-
om up) in order to perform an exhaustive, in-depth characterization of
hese therapeutic proteins. 

.5.1. Offline coupling of CZE with MS 

The main difficulties associated with CE-MS coupling can be al-
eviated by resorting to offline approaches. Offline coupling allows a
roader sense of flexibility in terms of separation, as we are not re-
tricted by having to find conditions that are MS compatible. By frac-
ion collection, the fractions eluted can be buffer exchanged, if neces-
ary, and infused into the MS. With such infusion experiments, sufficient
mount of data points can be collected for each individual protein peak,
hich might assist in the confident identification and structural elucida-

ion of protein species if a proper mass analyzer is at hand. The utiliza-
ion of ESI sources prevail in the literature, especially the nanoESI-based
mplementations. These nanoESI interfaces produce ultra-low flow rates,
hich promotes ionization efficiency. Moini et al. laid the groundworks

or the commercialization of the first robust nanoflow sheathless inter-
ace, by using an etched porous tip capillary emitter [23] . Such con-
tructions are actually designed for on-line coupling, therefore their de-
ailed description is given in the corresponding section (2.4.2.). Nev-
14 
rtheless, several research groups have reported on their utilization in
n off-line manner, i.e., without a direct connection to a CE separation
latform, simply as a means of sample introduction. The performance
f such an etched-tip nanoESI interface was investigated by Jarvas et al.
ith infusion experiments using an intact mAb formulation [86] . Non-
esalinated adalimumab was infused at different flow-rates (20 nL/min
nd 250 nL/min). Results showed no significant difference in spectra
uality, despite the large difference in sample consumption. In addition
o the better detection sensitivity, ultra-low flow rates are particularly
dvantageous in cases were limited sample amounts are available only.
t is a well known fact, that ESI is rather intolerant to salts and non-
olatile buffer components (e.g., EACA, which is a commonly used BGE
dditive for mAbs isoform separations). Regardless of having the relief
f choosing less volatile BGEs in the case of offline couplings, Biacchi
t al. [77] developed a CZE-UV/nanoESI-MS platform with fraction col-
ection, where asymmetric CZE conditions were applied at the two ends
f the capillary in order to render the collected fractions ESI-compatible.
ere, the inlet BGE consisted of a mixture of EACA and ammonium ac-
tate whereas the outlet BGE was chosen to be ammonium acetate. The
ollected fractions were introduced into the MS via a sheathless nanoESI
nfusion platform similar to the one mentioned previously. Using this
orkflow, the authors successfully determined the various glycoforms
f cetuximab subunits, furthermore, in another study, Fc/2 dimers were
lso detected under native conditions [79] . 

Despite the dominance of ESI interfaces for CE-MS hyphenation, an-
ther typical example of the offline coupling is via the MALDI interface.
ALDI can be considered a good alternative to ESI, since it is known to

ave a higher tolerance towards non-volatile BGE constituents. Biacchi
t al. [76–78] developed an automated offline CZE-UV/MALDI-MS/MS
rrangement for the multi-level analysis of mAbs. The separated pro-
ein zones were deposited on the MALDI plate with the assistance of
heath-flow using a home-built spotting device. It was also possible to
erform enrichment using this configuration, by pooling the fraction
rom three consecutive separations. The system was capable of sepa-
ating intact mAb charge variants; however exact mass determination
as not possible. Since MALDI generates mostly singly or doubly ion-

zed protein species, the resolution of the TOF analyzer is insufficient
t such high m/z ranges [76] . Enrichment was useful especially for in-
ource decay (ISD) measurements, since single-run fractionations failed
o provide sufficient amount of proteins for fragmentation [78] . The au-
hors also found that the presence of EACA in the BGE compromised the
o-crystallization of the sample and the matrix [77] . 

.5.2. Online coupling of CZE with MS 

The offline coupling approaches described in the previous section
ircumvent some of the difficulties associated with a true online hy-
henation; however, they lack the level of robustness and automation
hat would be required for a routine and reliable workflow. For estab-
ishing the proper circuitry, the previously mentioned ESI is utilized,
hich can come in two main configurations: sheath flow and sheathless
esigns. The original setup uses a sheath flow (or make-up flow) which
onsists of a triple-tube arrangement. The separation capillary is sur-
ounded by a double-walled metal tube in which the sheath liquid (SL)
nd nebulizing gas are transported. The SL is responsible for (i) creating
lectrical contact between the two ends of the CE capillary, (ii) stabiliz-
ng the electrospray and (iii) enhancing ionization efficiency, especially
n cases where MS-incompatible BGE is used for separations. 

Although the sheath gas is important for facilitating spray formation
rom the increased sample volume, the ”siphoning-effect ” arising at the
nd of the capillary generates an extra laminar flow, which lowers peak
esolution. 

The major argument in favor of the coaxial sheath-flow interface is
he more flexible choice of BGE, since the effluent is considerably diluted
ith the make-up flow (mainly consisting of mixtures of aqueous and
rganic solvents), which reduces potential ion supression phenomena.
his very advantage is actually a limitation, as well, because generally
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a  
he diluting effect takes its toll on detection sensitivity. Nevertheless,
ecently, Minh et al. examined what effect increasing SL flow rate (1–20
L/min) has on the signal intensity of infliximab [14] . Results showed
 linear increase in intensity up to 10 μL/min. There might be instances
here native mAb analysis is desired, hence the denaturing effect of

he organic solvent and acidic additive in the SL needs to be taken into
onsideration. In the same study Minh et al. also gave account of their
ndings on mAb unfolding using different SL mixtures. It was found
hat in contrast to SLs containing acetonitrile, methanol or isopropanol
IPA) did not induce the unfolding of infliximab, preserving its native
tate. On the other hand, it was hypothesized that higher flow rates ( ∼15
L/min) might induce unfolding after all, because of the larger amount
f IPA and acidic modifier and/or the formation and propagation of
n ionic boundary at the capillary outlet. Contrary to the popular and
ogical belief that coaxial SL shows weaker performance (higher LOD),
here are other works demonstrating positive results utilizing such an
nterface for mAbs analysis [ 53 , 74 ]. 

Another type of SL interface is the flow-through microvial proposed
y Chen and coworkers [108] , which, compared to the conventional
oaxial setup, allows the application of flow-rates down to 0.1 μL/min,
inimizing the unfavorable effects of dilution by the SL. The system uti-

izes a tapered and beveled emitter tip to increase spray stability. A flow-
hrough microvial is formed at the tip of the emitter, where a modifier
olution and the CE effluent meet. The modifier solution is introduced
y a second capillary via a tee-union. The platform was successfully ex-
loited for de novo monoclonal antibody sequencing [109] . 

Sensitivity problems commonly associated with the conventional
oaxial ESI interface can be overcome by utilizing nanoelectrospray de-
igns instead, which can either be sheath-flow or sheathless configu-
ations. These typically operate at a flow rate of 10–150 nL/min. The
ovichi research group devised a nanoESI interface where the SL is elec-

rokinetically pumped, resulting in a lower diluting effect [110] . The CE
apillary is guided into a borosilicate emitter through a cross-piece, to
hich the SL reservoir is also connected by a tube. Three generations of

he interface were introduced: the second generation strived to enhance
ensitivity by decreasing the distance between the capillary tip and the
mitter orifice. For this purpose the capillary exit was etched that it
hould better approach the emitter orifice. However, the extremely nar-
ow (2–10 𝜇m) diameter of the orifice often caused clogging. The design
as further improved by increasing the diameter (15–35 𝜇m) and reduc-

ng the distance from the capillary tip to the emitter orifice. The inter-
ace is commercialized under the name EMASS-II and has been used for
ntact mass [71] a native mAbs [62] studies. The scientific literature is
rowded with workflows utilizing an SL containing an organic solvent,
hich is necessary for providing a favourable environment for ioniza-

ion. This is why it is quite noteworthy that (for the sake of maintaining
ative conditions during the ESI process, as well) Shen et al. used an SL
ontaining only ammonium acetate [62] . 

Most recently, prompted by encountering occasional technical diffi-
ulties with the already existing nanoemitter interfaces, Neusüss et al.
eveloped a nanoflow SL interface consisting of two axially movable
apillaries – one for separation, the other for delivering the SL [111] .
he two capillaries were parallelly threaded through a PEEK tube and
ross piece into a borosilicate emitter. Depending on the position of
hese two capillaries relative to each other, two operating modes were
ossible: separation and conditioning modes. The SL capillary has a
uch wider outer diameter and a blunt tip, which does not slide into

he tapered glass emitter, therefore, in conditioning mode, when this
apillary is positioned closer to the emitter orifice, there is considerable
ackflow into the separation capillary. The significance of this back-
ow is two-fold: (i) CE effluents containing ESI-interfering components
an be blocked from entering the MS and (ii) the conventional capillary
riming with HCl, NaOH or rinsing with coating materials is possible
ithout the need to displace the capillary outlet from the ion source.
he proposed interface setup was utilized for the top-down analysis of
 reduced mAb in an online two-dimensional CE-MS manner, where the
15 
econd, CZE dimension was for eliminating the eluting SDS from the
rst separation dimension [96] . 

Sheathless approaches generously improve detection sensitivity. In
he absence of SL, much creativity has gone into designing ways of cre-
ting a closed electrical circuit. Among these the porous tip nanospray
heathless interface is enjoying widespread recognition and is actually
ommercially available (CESI 8000). Here, the end of the CE capillary is
ade porous by etching with HF. The capillary is placed into a grounded

tainless steel needle containing conductive liquid, making sure the tip
rotrudes. The movement of ions from the liquid through the pores al-
ows for the electrical contact. The majority of works on mAbs analysis
ses such a sheathless interface, which certainly shows what a break-
hrough it really was [ 26 , 66 , 72 , 73 , 82 , 83 , 112–116 ]. A systematic study
omparing the performance of the three most common interfaces (coax-
al, nanoflow sheath liquid and sheathless porous-tip) was published by
öcker et al. [81] . The results clearly indicated the positive impact of
anoflow interfaces have on the ionization efficiency of mAbs species. 

.5.3. Chip-based on-line CZE-MS 

The growing need for ”cheeper, better, faster ” is leading the scien-
ific community to resort to miniaturization (lab-on-a-chip conception).
he field of microfluidics has seen an astounding progress over the past
ouple of decades. In the context of separation sciences the ultimate
oal is to develop a user-friendly ”plug and play ” microdevice capa-
le of robust, reproducible performance. Downscaling electrophoretic
eparations to a microchip format seems ideal, given the nearly identi-
al geometric dimensions of the fused silica capillary and microfluidic
hannels (10–100 μm). Although the fabrication of such microchips as
ell as their online integration into analytical workflows requires a cer-

ain level of craftsmenship, there are several advantages associated with
heir utilization, e.g., lower reagent and sample consumption, smaller
patial requirement, higher throughput or shorter analysis time. 

Microchip CZE (MZE) has long been used for the analysis of mAbs,
ith on-chip UV [117] , LIF [118] or chemiluminescence [119] detec-

ion. When coupling MZE to MS (off-chip detection), one faces basically
he same challenges as with conventional CZE-MS hyphenation: most
mportantly the establishment of the electrical circuit and the genera-
ion of stable electrospray. The volumetric flow rate during MZE separa-
ions matches that of the nanoflow regime. Much effort has been put into
orming the nanospray either by direct off-chip spraying or by attach-
ng an external capillary or microfabricated emitter. Out of the proposed
echniques, the direct off-chip spraying from the corner of the microchip
roved to satisfy nanospray-requirements the most. For a more detailed
escription of the other implementations, the reader is referred to ref-
rence [120] . 

The pioneering work for a stable MZE-ESI-MS platform was done by
he Ramsey group [121] and since then, it has been perfected into a well-
stablished method for the routine analysis of mAbs species [ 87 , 88 , 122 ].
icrochips were fabricated by means of photolithography and wet-

tching in glass substrates. The chip design included a separation chan-
el, injection cross, an electroosmotic (EO) pump and the integrated
mitter ( Fig. 8 ). Sample introduction was carried out using the gated
njection scheme developed by Jacobson et al. [123] . This method is
imilar to the standard electrokinetic injection, in the sense that voltage
s applied for a plug of sample to be diverted into the separation chan-
el. It relies on the proper switching of voltage profiles of the buffer
nd analyte reservoirs. The separation channel is a meandering struc-
ure, allowing a sufficiently long (23 cm) channel to fit onto the mi-
rochip. Channels were asymmetrically tapered at the curvatures in or-
er to minimize zone dispersion [ 123 , 124 ]. Because it was found that a
harp geometric feature is desired for stable and simple spray formation,
he outlet of the separation channel was directed towards the corner of
he microchip. The EO pump is a key functional element to support the
anospray. The successful incorporation of the proposed chip into the
ZE-ESI-MS system culminated in the chip layout actually being used
s basis for a commercially available MZE-ESI system (ZipChip TM , 908
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Fig. 8. Schematic drawing for chip-based CE-ESI devices with a 23 cm separa- 
tion channel, showing an enlarged image of the asymmetric turn tapering. Red 
channels indicate an APS coating while black channels indicate an APS-PEG 450 

coating. S: sample reservoir; B: background electrolyte reservoir; SW: sample 
waste reservoir; EO: electroosmotic pump reservoir [87] . 
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evices Inc., Boston, MA, USA). The operation of the ZipChip platform,
herefore is quite similar to the above discussed microchip. The main
ifferenc can be seen in the nature of sample injection, ZipChip utilizes
ressure-driven flow, preventing electrophoretic bias. The system comes
ith the chip itself with the built-in nanoemitter and a housing interface,
hich can be connected directly to the MS. The manufacturer offers a
ariety of microchips for specialized fields of application. For the de-
ermination of mAbs the High Resolution (HR) [ 89 , 91 , 94 , 95 ] and the
igh Resolution Native (HRN) [ 90 , 91 ] chips can be used ( Fig. 8 ). Anal-
sis times range from 3 to 10 min, which demonstrates the possibility
or the rapid screening of mAbs heterogeneities. 

.6. Applications 

Ongoing increase of mAb applications in medical treatments in-
reased the need to develop analytical methods for the characterization,
uality control and stability testing of preparations [100] . This section
ummarizes CZE-MS applications that may be useful during the produc-
ion or preparation of mAbs as well as formulation or stability testing of
Ab-containing medicine. 

The parameters that can be determined using CZE-MS can be divided
nto three groups: parameters for characterizing the mAb, parameters
or identifying and measuring protein variants and degradation prod-
cts, and finally, parameters for measuring process related contaminants
 Table 4 ). 

Determination of molecular mass is possible by MS but the goal of
Ab analysis is rarely limited to molecular mass determination only.
ore often, the mass characterization of the different variants and PTM

roducts is performed where identification is based on molecular mass
etermination. Alterations in the primary structure of a protein can oc-
ur as a result of changes at the nucleic acid or protein level, which
all into three categories: mutations at the DNA level, misincorporation
t the protein level due to mistranslation and miscleavage during the
osttranslational processing. Sequence variants are a concern during the
roduction of recombinant human mAbs that are being developed as
herapeutics. Detection of sequence variants during clone selection and
ioprocess development are important for the biotechnology industry,
s well. In order to differentiate between sequence variants and PTM
roducts or to increase the sensitivity and simplify the spectrum, the
nzymatic cleavage of glycan chains may be necessary. 
16 
Intact mAb analysis better defines the accurate mass and heterogene-
ty of mAb proteoforms but unfortunately, most of the intact mAb analy-
es by CZE-MS are performed under denaturing conditions [87] or using
educed and deglycosylated proteins [71] , which most likely leads to a
oss of information concerning mAb structural changes. 

Complete glycosylation profile was identified in an intact mAb using
ZE-MS [72] . All three detected populations (aglycosylated, mono- and
iglycosylated) were separated using a BGE containing 10% isopropanol
nd 0,2% FA in a M7C4I coated capillary. Taking a more detailed look
nto the TIC peaks revealed the presence of seven diglycosylated and
our monoglycosylated components in the first and second peaks, re-
pectively. Aglycosylated and glycated mAbs co-migrated in the third
eak. Populations were resolved due to differences in the hydrodynamic
olume which decrease in the order of the 2X-glycosylated, to the 1X-
lycosylated, to the aglycosylated mAb. The ratio of the 2X-glycosylated
o the 1X-glycosylated to the aglycosylated mAb species was determined
nder denaturing and native conditions, which was found similar. In na-
ive experiments a polyacrylamide coated capillary, and a rinsing pro-
ocol including 0.1 M HCl, water and BGE (40 mM ammonium acetate,
H 7.5) were used. The separation of individual glycosylation states did
ot occur, however, this approach resulted in the detection of dimers
at less than 1% relative abundance), which actually co-migrated with
he main forms of the mAb. 

Recently, native CZE-ESI-MS has emerged as a promising tool for
he separation and identification of complex proteomes including up to
housands of proteins from only submicrograms of samples [98] . It is
mportant to mention that in native MS, proteins are present in their
ative form in solution, prior to the ionization event. This requires that
he parameters of the solution (such as the pH, ionic strength or the
rganic solvent content) should be kept under strict control. Avoiding
he use of organic solvents during the ESI process results in a sharper
harge distribution, which can be advantageous in identifying different
roteins. The term "intact protein" is used in the sense that no chemical
r enzymatic treatment was performed on the mAb tested during sample
reparation. 

New solutions have been found to overcome the existing challenges
n the native CZE-MS characterization of mAbs, such as inappropriate
eparation of different mAb variants or low sample loading capacity.
n online sample stacking method based on capillary isoelectric focus-

ng (CIEF) in a narrow pH range was developed to expand the loading
apacity as well as to improve the CZE separation in the native condition
62] . The authors employed separation capillaries with a carbohydrate-
ased neutral coating, an electrokinetically pumped sheath flow CE-MS
nterface, and a high-end QTOF mass spectrometer. Using this method,
he separations of different proteoforms of the SigmaMAb and the detec-
ion of its various glyco-proteoforms and homodimer were documented.

CZE-native MS reported by Le-Minh et al. [14] was used for the
haracterization of IgG-type mAbs. Authors used a triple layer coated
PB-DS-PB) capillary to prevent the adsorption of mAbs and applied ad-
itional pressure for the analysis of fresh reconstituted and stressed (6
onth storage at 4 °C) infliximab samples. CZE allowed for a partial

eparation of different conformational states, and the MS detection un-
er specific conditions enabled the identification of the native, unfolded
onomers as well as the dimers. 

A recombinant humanized IgG1 𝜅 antibody model (NIST RM8671)
ontaining high abundance of PTMs (C-terminal lysine clipping, N-
erminal pyro-glutamination, glycosylation, low abundance of glyca-
ion, deamidation, and oxidation) was characterized by CE-MS [89] . A
ipChip TM microfluidic CE device was used for the separation of in-
act protein forms using a BGE that consists of 0.2% HAc and 10% 2-
ropanol (pH 3.17). 18 variants were identified amongst proteolytic and
lycolytic modifications with a range of relative abundances between
.1% and 100%. Lysine variants (0, 1, 2), and five to seven glycosylated
orms of these variants were identified. In addition, glycation with one
r two hexose units was also detected after the enzymatic deglycosyla-
ion of the protein. 
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Table 4 

Targeted attributes of mAbs to be determined by CZE-MS. 

Quality attribute Attribute Capillary coating Ref. (example) 

Characteristics molecular weight several [8] 
primary sequence and amino acid substitution 1 

pattern of glycosylation PEI [83] 
side specific glycosylation properties M7C4I [72] 

Product-related impurities 
(variants/degradants) 

aggregation (dimers) LPA 
PB-DS-PB 

[72] 
[14] 

fragmentation (proteolytic products) ZipChip [89] 
C terminal modification (lysine variants) PEG [87] 
oxidation 2 

deamidation LPA 
2D: BFS + PVA 

[73] 
[74] 

halfmer and Fab arm exchange LPA [73] 
N terminal pyroglutamic acid ZipChip 

PEI 
[93] 
[83] 

Process-related contaminants host cell proteins (HCPs), residual protein A, host cell DNA (HC-DNA), etc. LPA [129] 

1 those are determined by BUP methods. 
2 those are determined by middle-up methods. 

 

e  

f  

t  

a  

t  

a  

l  

a
 

K  

f  

N  

a  

n  

p  

p  

t  

p  

t  

i  

c  

i
 

Z  

[  

p  

i  

e  

r
 

t  

p  

t  

B  

o  

a  

i  

c  

s  

e  

n  

1  

a  

p  

f  

Fig. 9. Comparison of the separation of mAb using CEX (top spectrum) and 
Native-CE-MS (bottom spectrum) [91] . 
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Another research using the chip platform was reported by Redman
t al., who applied an in-house-built microchip CZE-nanoESI–MS system
or the analysis of intact infliximab. In order to prevent analyte adsorp-
ion and to reduce the EOF, the channel surface was coated with an
minopropylsilane (APS) base layer followed by its covalent modifica-
ion with PEG. Minor basic and acidic variants were visible to the left
nd right of the three major peaks corresponding to the well-separated
ysine variants. 0 K, 1 K and 2 K variants were characterized in detail,
lso revealing the glycosylation structure [87] . 

A microfluidic chip together with the BGE of the Native Antibody
it (ammonium acetate at pH 5.5, modified with 4% DMSO) were used

or the separation of a mAb type IgG1 manufactured by HJB Ltd [91] .
ative-CE-MS spectrum of the unstressed antibody contained the acidic
nd basic peaks in addition to the main peak. The order of peaks in
ative CE-MS was reversed relative to cation exchange chromatogra-
hy (CEX), the acidic peaks migrated after, while the basic peaks ap-
eared before the main peak ( Fig. 9 ). The main peak corresponded to
wo heavy-chain N-terminal pyroglutamic and C-terminal lysine clip-
ing, and showed two different glycosylation profiles. For basic variants,
he molecule of peak B1 and B2 were formed by C-terminal amidation
n one and two chains, respectively. For acidic variants A1 and A2 were
oncluded to be the products of deamidation and different glycan mod-
fications. 

Cetuximab charge variants were also succesfully separated by the
ipChip system. The separation yielded eight baseline resolved peaks
93] . Native-like mass spectra were collected for each charge variant
eak and more than 200 isoforms were identified. Compounds contain-
ng two, one or no C-terminal lysine were identified. The presence of an
xtremely large number of isoforms is due to the variety of oligosaccha-
ide antennas present at the four glycosylation sites [93] . 

A detailed CZE-MS study of seven mAbs (adalimumab, infliximab,
rastuzumab, nivolumab, palivizumab, natalizumab, rituximab) ap-
roved by health authorities was published recently [83] . CZE separa-
ions of intact mAbs were performed using a PEI coated capillary, acidic
GE and acidic methanol/water sample buffer. The electropherograms
btained show differences in profiles due to the different heterogeneity
nd pI values of samples. General profiles contain acidic variants preced-
ng and basic variants after the main peak because of the positive coated
apillary and reversed EOF. Analysis of MS data obtained by using a
heathless CZE-ESI-MS coupling resulted in the characterization of sev-
ral PTMs. Pyroglutamine formation by cyclization of N-terminal Gln-of
ivolumab, palivizumab, natalizumab and rituximab was observed, and
x and 2x glycosylated forms of mAbs were identified in partially sep-
rated peaks. Thorough analysis of MS data obtained from separated
eaks allowed identification of the fucosylated core and a galactosyl-
ucosyl derivative of the core oligosaccharide in monoglycosylated adal-
 y  

17 
mumab. Three other diglycosylated forms were also identified in the
eak corresponding to the 2x glycosylated mAb. It was concluded that
ue to the limitation of mass accuracy, it is impossible to identify the
ther modifications. 

Ustekinumab and trastuzumab were selected for intact mAb charac-
erization by low-flow sheathless CE-MS [73] . For separation, 10% HAc
s BGE was applied in a polyacrylamide-coated capillary. In the case of
rastuzumab three peaks appeared in the electropherogram: the main
eak contained a mixture of trastuzumab glycoforms (non-sialylated fu-
osylated diantennary, harboring one glycan species) with loss of a C-
erminal lysine, the first minor peak corresponds to a dissociated light
hain of trastuzumab while the masses of the second minor peak were
he same as those of the main peak. Based on the shift in migration time,
his peak was identified as the deamidated forms of trastuzumab, which
re less positively charged than the native protein. 

A 2D CE-MS system was developed by Jooss et al. [74] for the anal-
sis of intact trastuzumab charge variants. The EACA-based CZE–UV



C. Nagy, M. Andrási, N. Hamidli et al. Journal of Chromatography Open 2 (2022) 100024 

s
M  

t  

s  

g  

H  

t  

d  

m  

b  

t  

c  

fi
 

t  

z  

r  

t  

t  

a  

g  

l
 

l  

o  

t  

i  

c  

e  

h

3

 

i  

t  

c  

t  

r  

T  

t  

a  

m
 

o  

r  

c  

i  

d  

s  

v  

H  

d  

t  

t  

m  

a  

m  

h  

p
 

y  

t  

m  

p  

m  

b  

m  

s  

s  

b  

t  

t  

l  

c  

s  

a
 

r  

v  

e  

o  

b  

a  

M  

c  

p  

m

D

 

i  

t

C

 

I  

D  

D  

t
r  

q

A

 

p  

fi  

o  

T  

(

R

 

 

 

 

 

 

 

 

 

 

 

 

 

ystem, using a fused-silica capillary, was coupled on-line to the CZE–
S system applying a PVA coated capillary and a BGE of 2 M HAc in

he second dimension. Charge states ranging from + 38 to + 62 were ob-
erved in the mass spectrum. The CZE–CZE–MS setup was validated re-
arding migration time, signal intensity, current and flow rate stability.
ighly precise mass data were obtained, which enabled the identifica-

ion and discrimination between single and double deamidated forms of
eglycosylated trastuzumab. Authors concluded that the proposed 2D
ethod can become a useful tool for the MS characterization of anti-

ody variants separated in ESI-interfering electrolytes, since it allows
he utilization of proven, robust methods routinely used in biopharma-
eutical applications (such as the EACA-based CZE separation) in the
rst dimension. 

An example of the process related contaminants is the host cell pro-
eins (HCP) present in recombinant therapeutics. The use of capillary
one electrophoresis (CZE) for the absolute quantification of HCPs in
ecombinant mAbs has been reported by Zhu et al. [ 128 , 129 ]. Using
ryptic digestion as sample preparation without mAb depletion by Pro-
ein A affinity chromatography, authors could detect proteins present at
n estimated 100 ppm level with respect to the antibody. CZE-MS/MS
enerated higher peak intensity and more peptide identifications for
ow-level spiked proteins than those obtained by LC-MS/MS. 

Although intact protein analysis still poses challenges for the ana-
yst, its huge advantage lies in the ease of sample handling, which not
nly simplifies the sample preparation process but can also result in ob-
aining information that is representative of the entire sample. The data
n Table 4 demonstrate that CZE-MS is suitable for the comprehensive
haracterization of mAbs, including a large variety of potential param-
ters to be analyzed, however, for certain parameters only a few works
ave been published or no publication exists at all so far. 

. Conclusions 

In the last decade the importance of implementing the TDP approach
n mAbs analysis has clearly gotten stronger, and its significance con-
inues to rise due to the intensifying analytical demands of the pharma-
eutical industry. TDP allows complete sequence coverage and is able
o provide information about the entire intact proteins including the
evelation of proteoforms with PTMs. Another beneficial feature of the
D approach is its simplicity concerning sample preparation compared
o the time consuming digestions used in BUP. Furthermore, both the
ccurate molecular mass and several microheterogeneities can be deter-
ined when coupled to a separation technique. 

CZE is considered an alternative to advanced chromatographic meth-
ds for the analysis of mAbs as those are well applicable for the high-
esolution separation of intact proteins, proteoforms or even protein
omplexes. An additional beneficial feature of CZE for mAb analysis
s that the separations can be performed under near-physiological con-
itions thus the protein conformation, folding or function can be pre-
erved during the analysis. Several works were published where CE re-
ealed complementary information to those obtained by conventional
PLC approaches. The advantage of CE is its ability to separate species
iffering only slightly in molecular mass, provided that these modifica-
ions induce charged state variance (e.g., deamidation variants). An in-
ercompany study (based on 1056 separations) involving 11 large phar-
aceutical company laboratories proved that validation characteristics

ccording to ICH Q2 guideline can be excellently fulfilled with CZE. The
ajor limitation of CZE is the poor concentration sensitivity, however,
igh concentration (but low volume) of the pharmaceutical mAb sam-
les for their characterizations can be applied. 

Still, there are only a relatively few papers about the CZE-MS anal-
ses of mAbs despite the fact that the ongoing increase of mAb applica-
ions in medical treatments is triggering the need to develop analytical
ethods for the characterization, quality control and stability testing of
reparations. However, these methods are often part of the inside infor-
ation of pharmaceutical companies and are not published. This may
18 
e the reason for the relatively small number of publications providing
ethods for the analysis of real samples (intermediate mixtures, drugs,

erum, clinical samples, etc.). Many more publications about mAb analy-
es with CE-UV are available, however, some electrolyte systems cannot
e transferred to MS-coupled systems. Since CZE provides superiority in
he determination of charge variants (which are one of the most impor-
ant components to be targeted in industrial pharmaceutical analytical
aboratories), CZE-UV is frequently applied for such tasks, however, we
ould not find a work with sheath-flow MS detection. Since there are
everal mAb attributes whose characterization is not widely described,
 considerable increase in the number of publications is desired. 

Although the TD approach provides an expanding range of answers
egarding the quality and composition of mAbs due to an overall de-
elopment of the proteomics toolbox, further advancements are nec-
ssary to explore the full picture. It seems clear that the development
f one single method that is applicable for full characterization cannot
e expected, but it is certain that the CZE-MS technique is unavoid-
ble/essential in solving analytical tasks for mAbs. The microchip CZE-
S technology using a sheathless arrangement appeared (as a commer-

ial instrument) only a few years ago, but it can be considered as a great
romise since it could already demonstrate its applicability in the deter-
ination of versatile attributes of mAbs. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

RediT authorship contribution statement 

Cynthia Nagy: Writing – original draft, Writing – review & editing,
nvestigation. Melinda Andrási: Writing – original draft, Investigation,
ata curation. Narmin Hamidli: Writing – original draft, Investigation,
ata curation. Gyöngyi Gyémánt: Writing – original draft, Investiga-

ion, Data curation. Attila Gáspár: Writing – original draft, Writing –
eview & editing, Conceptualization, Project administration, Funding ac-
uisition. 

cknowledgments 

The authors acknowledge the financial support provided to this
roject by the National Research, Development and Innovation Of-
ce, Hungary (K127931) and the New National Excellence Program
f the Ministry for Innovation and Technology (ÚNKP-21-3-II) (C.N.).
his work was supported by the Stipendium Hungaricum Scholarship
#242771) (N.H.). 

eferences 

[1] P.A. Todd, R.N. Brogden, Muromonab CD3 - a review of its pharmacology
and therapeutic potential, Drugs 37 (1989) 871–899. https://doi.org10.2165/
00003495- 198937060- 00004 . 

[2] M. Dadouch, Y. Ladner, C. Perrin, Analysis of monoclonal antibodies by capil-
lary electrophoresis: sample preparation, separation, and detection, Separations
8 (2021) 4. https://doi.org10.3390/separations8010004 . 

[3] R.G. Krishna, F. Wold, Posttranslational modification of proteins, Adv Enzym Relat
Areas Mol Biol 67 (1993) 265–298. https://doi.org10.1002/9780470123133.ch3 . 

[4] M. Mann, O.N. Jensen, Proteomic analysis of post-translational modifications, Nat
Biotechnol 21 (2003) 255–261. https://doi.org10.1038/nbt0303-255 . 

[5] S.A. Berkowitz, J.R. Engen, J.R. Mazzeo, G.B. Jones, Analytical tools for character-
izing biopharmaceuticals and the implications for biosimilars, Nat Rev Drug Discov
11 (2012) 527–540. https://doi.org10.1038/nrd3746 . 

[6] T. Wehr , Top-down versus bottom-up approaches in proteomics, LCGC N Am 24
(2006) 1004–1010 . 

[7] A.D. Catherman, O.S. Skinner, N.L. Kelleher, Top down proteomics: facts and per-
spectives, Biochem Biophys Res Commun 445 (2014) 683–693. https://doi.org10.
1016/j.bbrc.2014.02.041 . 

[8] F.P. Gomes, J. Yates, Recent trends of capillary electrophoresis-mass spectrometry
in proteomics research, Mass Spectrom Rev 38 (2019) 445–460. https://doi.org10.
1002/mas.21599 . 

https://doi.org/10.2165/00003495-198937060-00004
https://doi.org/10.3390/separations8010004
https://doi.org/10.1002/9780470123133.ch3
https://doi.org/10.1038/nbt0303-255
https://doi.org/10.1038/nrd3746
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0006
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0006
https://doi.org/10.1016/j.bbrc.2014.02.041
https://doi.org/10.1002/mas.21599


C. Nagy, M. Andrási, N. Hamidli et al. Journal of Chromatography Open 2 (2022) 100024 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[9] T.K. Toby, L. Fornelli, N.L. Kelleher, Progress in top-down proteomics and the anal-
ysis of proteoforms, Annu Rev Anal Chem 9 (2016) 499–519. https://doi.org10.
1146/annurev- anchem- 071015- 041550 . 

[10] T.M. Dillon, P.V. Bondarenko, D.S. Rehder, G.D. Pipes, G.R. Kleemann, M.S. Ricci,
Optimization of a reversed-phase high-performance liquid chromatography/mass
spectrometry method for characterizing recombinant antibody heterogeneity and
stability, J Chromatogr A 1120 (2006) 112–120. https://doi.org10.1016/j.chroma.
2006.01.016 . 

[11] H.C. Liu, G. Gaza-Bulseco, C. Chumsae, Analysis of reduced monoclonal antibod-
ies using size exclusion chromatography coupled with mass spectrometry, J Am
Soc Mass Spectrom 20 (2009) 2258–2264. https://doi.org10.1016/j.jasms.2009.
08.015 . 

[12] Y. Leblanc, C. Ramon, N. Bihoreau, G. Chevreux, Charge variants characterization
of a monoclonal antibody by ion exchange chromatography coupled on-line to na-
tive mass spectrometry: case study after a long-term storage at + 5 °C, J Chromatogr
B 1048 (2017) 130–139. https://doi.org10.1016/j.jchromb.2017.02.017 . 

[13] H. Yamada, C. Matsumura, K. Yamada, K. Teshima, T. Hiroshima, M. Kinoshita,
S. Suzuki, K. Kakehi, Combination of SDS-PAGE and intact mass analysis for
rapid determination of heterogeneities in monoclonal antibody therapeutics, Elec-
trophoresis 38 (2017) 1344–1352. https://doi.org10.1002/elps.201700014 . 

[14] V. Le-Minh, N.T. Tran, A. Makky, V. Rosilio, M. Taverna, C. Smadja, Capillary
zone electrophoresis-native mass spectrometry for the quality control of intact
therapeutic monoclonal antibodies, J Chromatogr A 1601 (2019) 375–384. https:
//doi.org10.1016/j.chroma.2019.05.050 . 

[15] M.T. Smith, S. Zhang, T. Adams, B. DiPaolo, J. Dally, Establishment and validation
of a microfluidic capillary gel electrophoresis platform method for purity analysis
of therapeutic monoclonal antibodies, Electrophoresis 38 (2017) 1353–1365. https:
//doi.org10.1002/elps.201600519 . 

[16] J. Dai, J. Lamp, Q.W. Xia, Y.R. Zhang, Capillary isoelectric focusing-mass spectrom-
etry method for the separation and online characterization of intact monoclonal an-
tibody charge variants, Anal Chem 90 (2018) 2246–2254. https://doi.org10.1021/
acs.analchem.7b04608 . 

[17] J. Dai, Y.R. Zhang, A middle-up approach with online capillary isoelectric fo-
cusing/mass spectrometry for in-depth characterization of cetuximab charge het-
erogeneity, Anal Chem 90 (2018) 14527–14534. https://doi.org10.1021/acs.
analchem.8b04396 . 

[18] M. Dadouch, Y. Ladner, C. Bich, J.M. Montels, J. Morel, C. Bechara, C. Perrin, In-
capillary (electrophoretic) digestion-reduction-separation: a smart tool for middle-
up analysis of mAb, J Chromatogr A 1648 (2021) 462213. https://doi.org10.1016/
j.chroma.2021.462213 . 

[19] A. Lechner, J. Giorgetti, R. Gahoual, A. Beck, E. Leize-Wagner, Y.N. Francois, In-
sights from capillary electrophoresis approaches for characterization of monoclonal
antibodies and antibody drug conjugates in the period 2016-2018, J Chromatogr
B 1122 (2019) 1–17. https://doi.org10.1016/j.jchromb.2019.05.014 . 

[20] I. Miksik, Coupling of CE-MS for protein and peptide analysis, J Sep Sci 42 (2019)
385–397. https://doi.org10.1002/jssc.201800817 . 

[21] K.J. Stolz, O. Höcker, J. Römer, J. Schlecht, C. Neususs, Recent advances in
capillary electrophoresis-mass spectrometry: instrumentation, methodology and
applications, Electrophoresis 40 (2019) 79–112. https://doi.org10.1002/elps.
201800331 . 

[22] J. Kahle, M. Stein, H. Watzig, Design of experiments as a valuable tool for biophar-
maceutical analysis with (imaged) capillary isoelectric focusing, Electrophoresis 40
(2019) 2382–2389. https://doi.org10.1002/elps.201900162 . 

[23] M. Moini, Simplifying CE-MS operation. 2. Interfacing low-flow separation tech-
niques to mass spectrometry using a porous tip, Anal Chem 79 (2007) 4241–4246.
https://doi.org10.1021/ac0704560 . 

[24] Y. Jiang, M.Y. He, W.J. Zhang, P. Luo, D. Guo, X. Fang, W. Xu, Recent advances
of capillary electrophoresis-mass spectrometry instrumentation and methodology,
Chin Chem Lett 28 (2017) 1640–1652. https://doi.org10.1016/j.cclet.2017.05.
008 . 

[25] D.Y. Chen, E.N. McCool, Z.C. Yang, X.J. Shen, R.A. Lubeckyj, T. Xu, Q.J. Wang,
L.L. Sun, Recent advances (2019–2021) of capillary electrophoresis-mass spec-
trometry for multilevel proteomics, Mass Spectrom Rev (2021) 34128246. https:
//doi.org10.1002/mas.21714 . 

[26] R. Gahoual, A. Beck, Y.N. Francois, E. Leize-Wagner, Independent highly sen-
sitive characterization of asparagine deamidation and aspartic acid isomeriza-
tion by sheathless CZE-ESI-MS/MS, J Mass Spectrom 51 (2016) 150–158. https:
//doi.org10.1002/jms.3735 . 

[27] S.S. Zhao, D.D.Y. Chen, Applications of capillary electrophoresis in characterizing
recombinant protein therapeutics, Electrophoresis 35 (2014) 96–108. https://doi.
org10.1002/elps.201300372 . 

[28] H.J. Dai, G. Li, I.S. Krull, Separation and quantitation of monoclonal antibodies in
cell growth medium using capillary zone electrophoresis, J Pharm Biomed Anal 17
(1998) 1143–1153. https://doi.org10.1016/s0731- 7085(98)00080- 6 . 

[29] P. Katsougraki, J. Heliopoulos, F. Lamari, M. Militsopoulou, S. Anagnos-
tides, H. Piperidou, D. Monos, N.K. Karamanos, Identification of kappa and
lambda chains of the major immunoglobulin G subclasses by capillary zone
electrophoresis, Biomed Chromotogr 16 (2002) 234–236. https://doi.org10.1002/
bmc.133 . 

[30] S.H. Kuhn, G. Alt, R. Kuhn, Profiling of oligosaccharide-mediated microhetero-
geneity of a monoclonal antibody by capillary electrophoresis, Electrophoresis 17
(1996) 418–422. https://doi.org10.1002/elps.1150170222 . 

[31] H. Yan, N.A. Lacher, W.Y. Hou, W. Qian, C. Isele, J. Starkey, M. Ruesch, Analysis of
identity, charge variants, and disulfide isomers of monoclonal antibodies with cap-
illary zone electrophoresis in an uncoated capillary column, Anal Chem 82 (2010)
3222–3230. https://doi.org10.1021/ac9028856 . 
19 
[32] Y. He, C. Isele, W.Y. Hou, M. Ruesch, Rapid analysis of charge variants of
monoclonal antibodies with capillary zone electrophoresis in dynamically coated
fused-silica capillary, J Sep Sci 34 (2011) 548–555. https://doi.org10.1002/jssc.
201000719 . 

[33] B. Moritz, V. Schnaible, S. Kiessig, A. Heyne, M. Wild, C. Finkler, S. Chris-
tians, K. Mueller, L. Zhang, K. Furuya, M. Hassel, M. Hamm, R. Rustandi, Y. He,
O.S. Solano, C. Whitmore, S.A. Park, D. Hansen, M. Santos, M. Lies, Evaluation of
capillary zone electrophoresis for charge heterogeneity testing of monoclonal an-
tibodies, J Chromatogr B 983 (2015) 101–110. https://doi.org10.1016/j.jchromb.
2014.12.024 . 

[34] Y. Shi, Z. Li, Y.B. Qiao, J. Lin, Development and validation of a rapid capillary zone
electrophoresis method for determining charge variants of mAb, J Chromatogr B
906 (2012) 63–68. https://doi.org10.1016/j.jchromb.2012.08.022 . 

[35] A. Goyon, Y.N. Francois, O. Colas, A. Beck, J.L. Veuthey, D. Guillarme, High-
resolution separation of monoclonal antibodies mixtures and their charge variants
by an alternative and generic CZE method, Electrophoresis 39 (2018) 2083–2090.
https://doi.org10.1002/elps.201800131 . 

[36] H.J. Dai, I.S. Krull, Thermal stability studies of immunoglobulins using capillary
isoelectric focusing and capillary zone electrophoretic methods, J Chromatogr A
807 (1998) 121–128. https://doi.org10.1016/s0021- 9673(98)00226- x . 

[37] D. Suba, Z. Urbanyi, A. Salgo, Method development and qualification of capillary
zone electrophoresis for investigation of therapeutic monoclonal antibody quality,
J Chromatogr B 1032 (2016) 224–229. https://doi.org10.1016/j.jchromb.2016.07.
026 . 

[38] E. Maeda, S. Kita, M. Kinoshita, K. Urakami, T. Hayakawa, K. Kakehi, Analysis of
nonhuman n-glycans as the minor constituents in recombinant monoclonal anti-
body pharmaceuticals, Anal Chem 84 (2012) 2373–2379. https://doi.org10.1021/
ac300234a . 

[39] A.L. Gassner, S. Rudaz, J. Schappler, Static coatings for the analysis of intact mono-
clonal antibody drugs by capillary zone electrophoresis, Electrophoresis 34 (2013)
2718–2724. https://doi.org10.1002/elps.201300070 . 

[40] C.E. Espinosa-de la Garza, F.C. Perdomo-Abundez, J. Padilla-Calderon, J.M. Uribe-
Wiechers, N.O. Perez, L.F. Flores-Ortiz, E. Medina-Rivero, Analysis of recombinant
monoclonal antibodies by capillary zone electrophoresis, Electrophoresis 34 (2013)
1133–1140. https://doi.org10.1002/elps.201200575 . 

[41] B. Moritz, V. Locatelli, M. Niess, A. Bathke, S. Kiessig, B. Entler, C. Finkler,
H. Wegele, J. Stracke, Optimization of capillary zone electrophoresis for charge
heterogeneity testing of biopharmaceuticals using enhanced method development
principles, Electrophoresis 38 (2017) 3136–3146. https://doi.org10.1002/elps.
201700145 . 

[42] K. Ganzler, K.S. Greve, A.S. Cohen, B.L. Karger, A. Guttman, N.C. Cooke,
High-performance capillary electrophoresis of sds protein complexes using uv-
transparent polymer networks, Anal Chem 64 (1992) 2665–2671. https://doi.
org10.1021/ac00046a003 . 

[43] G. Hunt, K.G. Moorhouse, A.B. Chen, Capillary isoelectric focusing and sodium do-
decyl sulfate capillary gel electrophoresis of recombinant humanized monoclonal
antibody HER2, J Chromatogr A 744 (1996) 295–301. https://doi.org10.1016/
0021- 9673(96)00437- 2 . 

[44] G. Hunt, W. Nashabeh, Capillary electrophoresis sodium dodecyl sulfate nongel
sieving analysis of a therapeutic recombinant monoclonal antibody: a biotech-
nology perspective, Anal Chem 71 (1999) 2390–2397. https://doi.org10.1021/
ac981209m . 

[45] H.G. Lee, High-performance sodium dodecyl sulfate-capillary gel electrophoresis of
antibodies and antibody fragments, J Immunol Methods 234 (2000) 71–81. https:
//doi.org10.1016/s0022- 1759(99)00205- 7 . 

[46] O. Salas-Solano, B. Tomlinson, S. Du, M. Parker, A. Strahan, S. Ma, Optimization
and validation of a quantitative capillary electrophoresis sodium dodecyl sulfate
method for quality control and stability monitoring of monoclonal antibodies, Anal
Chem 78 (2006) 6583–6594. https://doi.org10.1021/ac060828p . 

[47] S. Kamoda, R. Ishikawa, K. Kakehi, Capillary electrophoresis with laser-induced flu-
orescence detection for detailed studies on N-linked oligosaccharide profile of ther-
apeutic recombinant monoclonal antibodies, J Chromatogr A 1133 (2006) 332–
339. https://doi.org10.1016/j.chroma.2006.08.028 . 

[48] R.R. Rustandi, M.W. Washabaugh, Y. Wang, Applications of CE SDS gel in devel-
opment of biopharmaceutical antibody-based products, Electrophoresis 29 (2008)
3612–3620. https://doi.org10.1002/elps.200700958 . 

[49] C.E. Sanger-van de Griend, CE-SDS method development, validation,
and best practice-an overview, Electrophoresis. 40 (2019) 2361–74.
10.1002/elps.201900094. 

[50] A. Szekrenyes, U. Roth, M. Kerekgyarto, A. Szekely, I. Kurucz, K. Kowalewski,
A. Guttman, High-throughput analysis of therapeutic and diagnostic monoclonal
antibodies by multicapillary SDS gel electrophoresis in conjunction with covalent
fluorescent labeling, Anal Bioanal Chem 404 (2012) 1485–1494. https://doi.org10.
1007/s00216- 012- 6213- 2 . 

[51] L. Zhang, M.D. Fei, Y.Q. Tian, S.P. Li, X.Q. Zhu, L.L. Wang, Y.P. Xu, M.H. Xie,
Characterization and elimination of artificial non-covalent light Chain dimers in re-
duced CE-SDS analysis of pertuzumab, J. Pharm. Biomed. Anal. 190 (2020) 113517.
https://doi.org10.1016/j.jpba.2020.113527 . 

[52] J.J. Lu, Z.F. Zhu, W. Wang, S.R. Liu, Coupling sodium dodecyl sulfate-capillary
polyacrylamide gel electrophoresis with matrix-assisted laser desorption ionization
time-of-flight mass spectrometry via a poly(tetrafluoroethylene) membrane, Anal
Chem 83 (2011) 1784–1790. https://doi.org10.1021/ac103148k . 

[53] L. Sanchez-Hernandez, C. Montealegre, S. Kiessig, B. Moritz, C. Neususs, In-
capillary approach to eliminate SDS interferences in antibody analysis by capillary
electrophoresis coupled to mass spectrometry, Electrophoresis 38 (2017) 1044–
1052. https://doi.org10.1002/elps.201600464 . 

https://doi.org/10.1146/annurev-anchem-071015-041550
https://doi.org/10.1016/j.chroma.2006.01.016
https://doi.org/10.1016/j.jasms.2009.08.015
https://doi.org/10.1016/j.jchromb.2017.02.017
https://doi.org/10.1002/elps.201700014
https://doi.org/10.1016/j.chroma.2019.05.050
https://doi.org/10.1002/elps.201600519
https://doi.org/10.1021/acs.analchem.7b04608
https://doi.org/10.1021/acs.analchem.8b04396
https://doi.org/10.1016/j.chroma.2021.462213
https://doi.org/10.1016/j.jchromb.2019.05.014
https://doi.org/10.1002/jssc.201800817
https://doi.org/10.1002/elps.201800331
https://doi.org/10.1002/elps.201900162
https://doi.org/10.1021/ac0704560
https://doi.org/10.1016/j.cclet.2017.05.008
https://doi.org/10.1002/mas.21714
https://doi.org/10.1002/jms.3735
https://doi.org/10.1002/elps.201300372
https://doi.org/10.1016/s0731-7085(98)00080-6
https://doi.org/10.1002/bmc.133
https://doi.org/10.1002/elps.1150170222
https://doi.org/10.1021/ac9028856
https://doi.org/10.1002/jssc.201000719
https://doi.org/10.1016/j.jchromb.2014.12.024
https://doi.org/10.1016/j.jchromb.2012.08.022
https://doi.org/10.1002/elps.201800131
https://doi.org/10.1016/s0021-9673(98)00226-x
https://doi.org/10.1016/j.jchromb.2016.07.026
https://doi.org/10.1021/ac300234a
https://doi.org/10.1002/elps.201300070
https://doi.org/10.1002/elps.201200575
https://doi.org/10.1002/elps.201700145
https://doi.org/10.1021/ac00046a003
https://doi.org/10.1016/0021-9673(96)00437-2
https://doi.org/10.1021/ac981209m
https://doi.org/10.1016/s0022-1759(99)00205-7
https://doi.org/10.1021/ac060828p
https://doi.org/10.1016/j.chroma.2006.08.028
https://doi.org/10.1002/elps.200700958
https://doi.org/10.1007/s00216-012-6213-2
https://doi.org/10.1016/j.jpba.2020.113527
https://doi.org/10.1021/ac103148k
https://doi.org/10.1002/elps.201600464


C. Nagy, M. Andrási, N. Hamidli et al. Journal of Chromatography Open 2 (2022) 100024 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[54] J. Römer, C. Montealegre, J. Schlecht, S. Kiessig, B. Moritz, C. Neususs, Online mass
spectrometry of CE (SDS)-separated proteins by two-dimensional capillary elec-
trophoresis, Anal Bioanal Chem 411 (2019) 7197–7206. https://doi.org10.1007/
s00216- 019- 02102- 8 . 

[55] T. Xu, L.L. Sun, A mini review on capillary isoelectric focusing-mass spectrome-
try for top-down proteomics, Front Chem 9 (2021). https://doi.org10.3389/fchem.
2021.651757 . 

[56] J.Q. Wu, J. Pawliszyn, Universal detection for capillary isoelectric-focusing without
mobilization using a concentration gradient imaging-system, Anal Chem 64 (1992)
224–227. https://doi.org10.1021/ac00026a024 . 

[57] Q. Tang, A.K. Harrata, C.S. Lee, Capillary isoelectric-focusing electrospray mass-
spectrometry for protein-analysis, Anal Chem 67 (1995) 3515–3519. https://doi.
org10.1021/ac00115a021 . 

[58] X.F. Zhong, E.J. Maxwell, C. Ratnayake, S. Mack, D.D.Y. Chen, Flow-through mi-
crovial facilitating interface of capillary isoelectric focusing and electrospray ion-
ization mass spectrometry, Anal Chem 83 (2011) 8748–8755. https://doi.org10.
1021/ac202130f. 

[59] J. Huhner, K. Jooss, C. Neusubb, Interference-free mass spectrometric detection of
capillary isoelectric focused proteins, including charge variants of a model mono-
clonal antibody, Electrophoresis 38 (2017) 914–921. https://doi.org10.1002/elps.
201600457 . 

[60] C. Montealegre, C. Neususs, Coupling imaged capillary isoelectric focusing with
mass spectrometry using a nanoliter valve, Electrophoresis 39 (2018) 1151–1154.
https://doi.org10.1002/elps.201800013 . 

[61] L.Y. Wang, D.D.Y. Chen, Analysis of four therapeutic monoclonal antibodies by on-
line capillary isoelectric focusing directly coupled to quadrupole time-of-flight mass
spectrometry, Electrophoresis 40 (2019) 2899–2907. https://doi.org10.1002/elps.
201900195 . 

[62] X.J. Shen, Z.J. Liang, T. Xu, Z.C. Yang, Q.J. Wang, D.Y. Chen, L. Pham, W.J. Du,
L.L. Sun, Investigating native capillary zone electrophoresis-mass spectrometry on
a high-end quadrupole-time-of-flight mass spectrometer for the characterization of
monoclonal antibodies, Intern J Mass Spectrom 462 (2021) 116541. https://doi.
org10.1016/j.ijms.2021.116541 . 

[63] S. Fekete, D. Guillarme, P. Sandra, K. Sandra, Chromatographic, electrophoretic,
and mass spectrometric methods for the analytical characterization of protein
biopharmaceuticals, Anal Chem 88 (2016) 480–507. https://doi.org10.1021/acs.
analchem.5b04561 . 

[64] J. Hernandez-Borges, C. Neususs, A. Cifuentes, M. Pelzing, On-line capillary
electrophoresis-mass spectrometry for the analysis of biomolecules, Electrophoresis
25 (2004) 2257–2281. https://doi.org10.1002/elps.200405954 . 

[65] J.S. Creamer, N.J. Oborny, S.M. Lunte, Recent advances in the analysis of thera-
peutic proteins by capillary and microchip electrophoresis, Anal Methods 6 (2014)
5427–5449. https://doi.org10.1039/c4ay00447g . 

[66] A.M. Belov , Top-down proteomic analysis of protein pharmaceuticals, mixtures of
protein complexes, and ribosomal protein extracts by capillary zone electrophoresis
– mass spectrometry, Northeastern University, Boston MassachusettsMA, 2017 . 

[67] R. Haselberg, G.J. de Jong, G.W. Somsen, Capillary electrophoresis-mass spectrom-
etry for the analysis of intact proteins 2007–2010, Electrophoresis 32 (2011) 66–82.
https://doi.org10.1002/elps.201000364 . 

[68] R. Haselberg, F.M. Flesch, A. Boerke, G.W. Somsen, Thickness and morphology of
polyelectrolyte coatings on silica surfaces before and after protein exposure studied
by atomic force microscopy, Anal Chim Acta 779 (2013) 90–95. https://doi.org10.
1016/j.aca.2013.03.066 . 

[69] M. Beneito-Cambra, P. Anres, J. Vial, P. Gareil, N. Delaunay, Stability and effective-
ness of linear polyacrylamide capillary coating to suppress EOF in acidic media in
the presence of surfactants, ionic liquids and organic modifiers, Talanta 150 (2016)
546–552. https://doi.org10.1016/j.talanta.2015.12.070 . 

[70] Y.M. Zhao, L.L. Sun, M.D. Knierman, N.J. Dovichi, Fast separation and analysis
of reduced monoclonal antibodies with capillary zone electrophoresis coupled to
mass spectrometry, Talanta 148 (2016) 529–533. https://doi.org10.1016/j.talanta.
2015.11.020 . 

[71] M. Han, B.M. Rock, J.T. Pearson, D.A. Rock, Intact mass analysis of monoclonal
antibodies by capillary electrophoresis-mass spectrometry, J Chromatogr B 1011
(2016) 24–32. https://doi.org10.1016/j.jchromb.2015.12.045 . 

[72] A.M. Belov, L. Zang, R. Sebastiano, M.R. Santos, D.R. Bush, B.L. Karger, A.R. Ivanov,
Complementary middle-down and intact monoclonal antibody proteoform charac-
terization by capillary zone electrophoresis-mass spectrometry, Electrophoresis 39
(2018) 2069–2082. https://doi.org10.1002/elps.201800067 . 

[73] R. Haselberg, T. De Vijlder, R. Heukers, M.J. Smit, E.P. Romijn, G.W. Somsen,
E. Dominguez-Vega, Heterogeneity assessment of antibody-derived therapeutics at
the intact and middle-up level by low-flow sheathless capillary electrophoresis-
mass spectrometry, Anal Chim Acta 1044 (2018) 181–190. https://doi.org10.
1016/j.aca.2018.08.024 . 

[74] K. Jooss, J. Huhner, S. Kiessig, B. Moritz, C. Neususs, Two-dimensional capillary
zone electrophoresis-mass spectrometry for the characterization of intact mono-
clonal antibody charge variants, including deamidation products, Anal Bioanal
Chem 409 (2017) 6057–6067. https://doi.org10.1007/s00216- 017- 0542- 0 . 

[75] J. Schlecht, K. Jooss, C. Neususs, Two-dimensional capillary electrophoresis-
mass spectrometry (CE-CE-MS): coupling MS-interfering capillary electromigra-
tion methods with mass spectrometry, Anal Bioanal Chem 410 (2018) 6353–6359.
https://doi.org10.1007/s00216- 018- 1157- 9 . 

[76] M. Biacchi, R. Bhajun, N. Said, A. Beck, Y.N. Francois, E. Leize-Wagner, Analysis of
monoclonal antibody by a novel CE-UV/MALDI-MS interface, Electrophoresis 35
(2014) 2986–2995. https://doi.org10.1002/elps.201400276 . 

[77] M. Biacchi, R. Gahoual, N. Said, A. Beck, E. Leize-Wagner, Y.N. Francois, Glycoform
separation and characterization of cetuximab variants by middle-up off-Line cap-
20 
illary zone electrophoresis-UV/electrospray ionization-MS, Anal Chem 87 (2015)
6240–6250. https://doi.org10.1021/acs.analchem.5b00928 . 

[78] M. Biacchi, N. Said, A. Beck, E. Leize-Wagner, Y.N. Francois, Top-down and middle-
down approach by fraction collection enrichment using off-line capillary elec-
trophoresis - mass spectrometry coupling: application to monoclonal antibody F-
c/2 charge variants, J Chromatogr A 1498 (2017) 120–127. https://doi.org10.
1016/j.chroma.2017.02.064 . 

[79] Y.N. Francois, M. Biacchi, N. Said, C. Renard, A. Beck, R. Gahoual, E. Leize-Wagner,
Characterization of cetuximab F-c/2 dimers by off-line CZE-MS, Anal Chim Acta
908 (2016) 168–176. https://doi.org10.1016/j.aca.2015.12.033 . 

[80] C. Huhn, R. Ramautar, M. Wuhrer, G.W. Somsen, Relevance and use of capillary
coatings in capillary electrophoresis-mass spectrometry, Anal Bioanal Chem 396
(2010) 297–314. https://doi.org10.1007/s00216- 009- 3193- y . 

[81] O. Höcker, C. Montealegre, C. Neususs, Characterization of a nanoflow sheath liq-
uid interface and comparison to a sheath liquid and a sheathless porous-tip inter-
face for CE-ESI-MS in positive and negative ionization, Anal Bioanal Chem 410
(2018) 5265–5275. https://doi.org10.1007/s00216- 018- 1179- 3 . 

[82] J. Giorgetti, A. Lechner, E. Del Nero, A. Beck, Y.N. Francois, E. Leize-Wagner,
Intact monoclonal antibodies separation and analysis by sheathless capillary
electrophoresis-mass spectrometry, Eur J Mass Spectrom 25 (2019) 324–332. https:
//doi.org10.1177/1469066718807798 . 

[83] J. Giorgetti, A. Beck, E. Leize-Wagner, Y.N. Francois, Combination of intact, middle-
up and bottom-up levels to characterize 7 therapeutic monoclonal antibodies by
capillary electrophoresis - Mass spectrometry, J Pharm Biomed Anal 182 (2020)
113107. https://doi.org10.1016/j.jpba.2020.113107 . 

[84] R. Haselberg, G.J. de Jong, G.W. Somsen, Capillary electrophoresis-mass spectrom-
etry of intact basic proteins using Polybrene-dextran sulfate-polybrene-coated cap-
illaries: system optimization and performance, Anal Chim Acta 678 (2010) 128–
134. https://doi.org10.1016/j.aca.2010.08.032 . 

[85] N. Hamidli, M. Andrasi, C. Nagy, A. Gaspar, Analysis of intact proteins with
capillary zone electrophoresis coupled to mass spectrometry using uncoated and
coated capillaries, J Chromatogr A 1654 (2021) 462448. https://doi.org10.1016/
j.chroma.2021.462448 . 

[86] G. Jarvas, B. Fonslow, J.R. Yates, F. Foret, A. Guttman, Characterization of a porous
nano-electrospray capillary emitter at ultra-low flow rates, J Chromatogr Sci 55
(2017) 47–51. https://doi.org10.1093/chromsci/bmw148 . 

[87] E.A. Redman, N.G. Batz, J.S. Mellors, J.M. Ramsey, Integrated microfluidic capil-
lary electrophoresis-electrospray ionization devices with online MS detection for
the separation and characterization of intact monoclonal antibody variants, Anal
Chem 87 (2015) 2264–2272. https://doi.org10.1021/ac503964j . 

[88] E.A. Redman, J.S. Mellors, J.A. Starkey, J.M. Ramsey, Characterization of in-
tact antibody drug conjugate variants using microfluidic capillary electrophoresis-
mass spectrometry, Anal Chem 88 (2016) 2220–2226. https://doi.org10.1021/acs.
analchem.5b03866 . 

[89] C.H. Chen, H.T. Feng, R. Guo, P.J. Li, A.K.C. Laserna, Y. Ji, B.H. Ng, S.F.Y. Li,
S.H. Khan, A. Paulus, S.M. Chen, A.E. Karger, M. Wenz, D.L. Ferrer, A.F. Huh-
mer, A. Krupke, Intact NIST monoclonal antibody characterization-proteoforms,
glycoforms-using CE-MS and CE-LIF, Cogent Chem 4 (2018) 1480455. https://doi.
org10.1080/23312009.2018.1480455 . 

[90] S. Carillo, C. Jakes, J. Bones, In-depth analysis of monoclonal antibodies using mi-
crofluidic capillary electrophoresis and native mass spectrometry, J Pharm Biomed
Anal 185 (2020) 113218. https://doi.org10.1016/j.jpba.2020.113218 . 

[91] Q. Sun, L. Wang, N. Li, L.M. Shi, Characterization and monitoring of charge variants
of a recombinant monoclonal antibody using microfluidic capillary electrophoresis-
mass spectrometry, Anal Biochem 625 (2021) 114214. https://doi.org10.1016/j.
ab.2021.114214 . 

[92] K. Jooss, J.P. McGee, R.D. Melani, N.L. Kelleher, Standard procedures for native
CZE-MS of proteins and protein complexes up to 800 kDa, Electrophoresis 42
(2021) 1050–1059. https://doi.org10.1002/elps.202000317 . 

[93] F. Fussl, A. Trappe, S. Carillo, C. Jakes, J. Bones, Comparative elucidation of cetux-
imab heterogeneity on the intact protein level by cation exchange chromatography
and capillary electrophoresis coupled to mass spectrometry, Anal Chem 92 (2020)
5431–5438. https://doi.org10.1021/acs.analchem.0c00185 . 

[94] C.H. Chen , A. Krupke , S. Houel , A. Bailey , A. Paulus , D. Lopez-Ferrer , et al. , Char-
acterization of intact monoclonal antibody with microfluidic chip electrophoresis
mass spectrometry, Thermo Fisher Scientific, 2017 Poster note 65000 . 

[95] C.H.A. Chen , S. Houel , T. Zhang , B.J. Agnew , S. Lin , K. Zhou , et al. , Quick screening
of intact antibody and antibody-drug conjugates with integrated microfluidic cap-
illary electrophoresis and mass spectrometry, Thermo Fisher Scientific. Application
note 72358, 2017 (editor) . 

[96] J. Römer, A. Stolz, S. Kiessig, B. Moritz, C. Neususs, Online top-down mass spectro-
metric identification of CE(SDS)-separated antibody fragments by two-dimensional
capillary electrophoresis, J Pharm Biomed Anal 201 (2021) 114089. https://doi.
org10.1016/j.jpba.2021.114089 . 

[97] Y.O. Tsybin, L. Fornelli, C. Stoermer, M. Luebeck, J. Parra, S. Nallet, F.M. Wurm,
R. Hartmer, Structural analysis of intact monoclonal antibodies by electron trans-
fer dissociation mass spectrometry, Anal Chem 83 (2011) 8919–8927. https://doi.
org10.1021/ac201293m . 

[98] X.J. Shen, Z.C. Yang, E.N. McCool, R.A. Lubeckyj, D.Y. Chen, L.L. Sun, Capillary
zone electrophoresis-mass spectrometry for top-down proteomics, Trac Trends Anal
Chem 120 (2019) 115644. https://doi.org10.1016/j.trac.2019.115644 . 

[99] Y.M. Zhao, N.M. Riley, L.L. Sun, A.S. Hebert, X.J. Yan, M.S. Westphall, M.J.P. Rush,
G.J. Zhu, M.M. Champion, F.M. Medie, P.A.D. Champion, J.J. Coon, N.J. Dovichi,
Coupling capillary zone electrophoresis with electron transfer dissociation and ac-
tivated ion electron transfer dissociation for top-down proteomics, Anal Chem 87
(2015) 5422–5429. https://doi.org10.1021/acs.analchem.5b00883 . 

https://doi.org/10.1007/s00216-019-02102-8
https://doi.org/10.3389/fchem.2021.651757
https://doi.org/10.1021/ac00026a024
https://doi.org/10.1021/ac00115a021
https://doi.org/10.1021/ac202130f
https://doi.org/10.1002/elps.201600457
https://doi.org/10.1002/elps.201800013
https://doi.org/10.1002/elps.201900195
https://doi.org/10.1016/j.ijms.2021.116541
https://doi.org/10.1021/acs.analchem.5b04561
https://doi.org/10.1002/elps.200405954
https://doi.org/10.1039/c4ay00447g
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0066
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0066
https://doi.org/10.1002/elps.201000364
https://doi.org/10.1016/j.aca.2013.03.066
https://doi.org/10.1016/j.talanta.2015.12.070
https://doi.org/10.1016/j.talanta.2015.11.020
https://doi.org/10.1016/j.jchromb.2015.12.045
https://doi.org/10.1002/elps.201800067
https://doi.org/10.1016/j.aca.2018.08.024
https://doi.org/10.1007/s00216-017-0542-0
https://doi.org/10.1007/s00216-018-1157-9
https://doi.org/10.1002/elps.201400276
https://doi.org/10.1021/acs.analchem.5b00928
https://doi.org/10.1016/j.chroma.2017.02.064
https://doi.org/10.1016/j.aca.2015.12.033
https://doi.org/10.1007/s00216-009-3193-y
https://doi.org/10.1007/s00216-018-1179-3
https://doi.org/10.1177/1469066718807798
https://doi.org/10.1016/j.jpba.2020.113107
https://doi.org/10.1016/j.aca.2010.08.032
https://doi.org/10.1016/j.chroma.2021.462448
https://doi.org/10.1093/chromsci/bmw148
https://doi.org/10.1021/ac503964j
https://doi.org/10.1021/acs.analchem.5b03866
https://doi.org/10.1080/23312009.2018.1480455
https://doi.org/10.1016/j.jpba.2020.113218
https://doi.org/10.1016/j.ab.2021.114214
https://doi.org/10.1002/elps.202000317
https://doi.org/10.1021/acs.analchem.0c00185
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0094
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0095
https://doi.org/10.1016/j.jpba.2021.114089
https://doi.org/10.1021/ac201293m
https://doi.org/10.1016/j.trac.2019.115644
https://doi.org/10.1021/acs.analchem.5b00883


C. Nagy, M. Andrási, N. Hamidli et al. Journal of Chromatography Open 2 (2022) 100024 

[  

[  

 

 

 

[  

 

[  

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

 

[  

 

 

[  

 

 

100] X.Q. James , Z. Lichao , Capillary electrophoresis-mass spectrometry: therapeutic
protein characterization, Springer, Switzerland, 2016 . 

101] S. Rosati, E.T.J. van den Bremer, J. Schuurman, P. Parren, J.P. Kamerling,
A.J.R. Heck, In-depth qualitative and quantitative analysis of composite glyco-
sylation profiles and other micro-heterogeneity on intact monoclonal antibodies
by high-resolution native mass spectrometry using a modified Orbitrap, MAbs 5
(2013) 917–924. https://doi.org10.4161/mabs.26282 . 

102] S. Rosati, Y. Yang, A. Barendregt, A.J.R. Heck, Detailed mass analysis of structural
heterogeneity in monoclonal antibodies using native mass spectrometry, Nat Protoc
9 (2014) 967–976. https://doi.org10.1038/nprot.2014.057 . 

103] K. Srzentic, L. Fornelli, Y.O. Tsybin, J.A. Loo, H. Seckler, J.N. Agar, L.C. Ander-
son, D.N.L. Bai, A. Beck, J.S. Brodbelt, Y.E.M. van der Burgt, J. Chamot-Rooke,
S. Chatterjee, Y.Q. Chen, D.J. Clarke, P.O. Danis, J.K. Diedrich, R.A. D’Ippolito,
M. Dupre, N. Gasilova, Y. Ge, Y.A. Goo, D.R. Goodlett, S. Greer, K.F. Haselmann,
L.D. He, C.L. Hendrickson, J.D. Hinkle, M.V. Holt, S. Hughes, D.F. Hunt, N.L. Kelle-
her, A.N. Kozhinov, Z.Q. Lin, C. Malosse, A.G. Marshall, L. Menin, R.J. Millikin,
K.O. Nagornov, S. Nicolardi, L. Pasa-Tolic, S. Pengelley, N.R. Quebbemann, A. Rese-
mann, W. Sandoval, R. Sarin, N.D. Schmitt, J. Shabanowitz, J.B. Shaw, M.R. Short-
reed, L.M. Smith, F. Sobott, D. Suckau, T. Toby, C.R. Weisbrod, N.C. Wildburger,
J. Yates, S.H. Yoon, N.L. Young, M.W. Zhou, Interlaboratory study for characteriz-
ing monoclonal antibodies by top-down and middle-down mass spectrometry, J Am
Soc Mass Spectrom 31 (2020) 1783–1802. https://doi.org10.1021/jasms.0c00036 .

104] S. Rosati, R.J. Rose, N.J. Thompson, E. van Duijn, E. Damoc, E. Denisov,
A. Makarov, A.J.R. Heck, Exploring an orbitrap analyzer for the characterization of
intact antibodies by native mass spectrometry, Angew Chem Int 51 (2012) 12992–
12996. https://doi.org10.1002/anie.201206745 . 

105] K.N. Patel, J.K. Patel, M.P. Patel, G.C. Rajput, H.A. Patel, Introduction to hyphen-
ated techniques and their applications in pharmacy, Pharm Methods 1 (2010) 2–13.
https://doi.org10.4103/2229-4708.72222 . 

106] J.B. Fenn, Electrospray wings for molecular elephants (Nobel lecture), Angew Chem
Int 42 (2003) 3871–3894. https://doi.org10.1002/anie.200300605 . 

107] J.A. Olivares, N.T. Nguyen, C.R. Yonker, R.D. Smith, Online mass-spectrometric
detection for capillary zone electrophoresis, Anal Chem 59 (1987) 1230–1232.
https://doi.org10.1021/ac00135a034 . 

108] E.J. Maxwell, X.F. Zhong, H. Zhang, N. van Zeijl, D.D.Y. Chen, Decoupling CE and
ESI for a more robust interface with ms, Electrophoresis 31 (2010) 1130–1137.
https://doi.org10.1002/elps.200900517 . 

109] J.H. Cheng, L.Y. Wang, C.M. Rive, R.A. Holt, G.B. Morin, D.D.Y. Chen, Complemen-
tary methods for de novo monoclonal antibody sequencing to achieve complete se-
quence coverage, J Proteome Res 19 (2020) 2700–2707. https://doi.org10.1021/
acs.jproteome.0c00223 . 

110] L.L. Sun, G.J. Zhu, Z.B. Zhang, S. Mou, N.J. Dovichi, Third-generation electroki-
netically pumped sheath-flow nanospray interface with improved stability and
sensitivity for automated capillary zone electrophoresis-mass spectrometry anal-
ysis of complex proteome digests, J Proteome Res 14 (2015) 2312–2321. https:
//doi.org10.1021/acs.jproteome.5b00100 . 

111] O. Höcker, M. Knierman, J. Meixner, C. Neususs, Two capillary approach for a
multifunctional nanoflow sheath liquid interface for capillary electrophoresis-mass
spectrometry, Electrophoresis 42 (2021) 369–373. https://doi.org10.1002/elps.
202000169 . 

112] R. Gahoual, A. Burr, J.M. Busnel, L. Kuhn, P. Hammann, A. Beck, Y.N. Fran-
cois, E. Leize-Wagner, Rapid and multi-level characterization of trastuzumab us-
ing sheathless capillary electrophoresis-tandem mass spectrometry, MAbs 5 (2013)
479–490. https://doi.org10.4161/mabs.23995 . 

113] R. Gahoual, J.M. Busnel, P. Wolff, Y.N. Francois, E. Leize-Wagner, Novel sheathless
CE-MS interface as an original and powerful infusion platform for nanoESI study:
from intact proteins to high molecular mass noncovalent complexes, Anal
Bioanal Chem 406 (2014) 1029–1038. https://doi.org10.1007/
s00216- 013- 7226- 1 . 
21 
114] N. Said, R. Gahoual, L. Kuhn, A. Beck, Y.N. Francois, E. Leize-Wagner, Structural
characterization of antibody drug conjugate by a combination of intact, middle-up
and bottom-up techniques using sheathless capillary electrophoresis - tandem mass
spectrometry as nanoESI infusion platform and separation method, Anal Chim Acta
918 (2016) 50–59. https://doi.org10.1016/j.aca.2016.03.006 . 

115] K. Faserl, B. Sarg, V. Maurer, H.H. Lindner, Exploiting charge differences
for the analysis of challenging post-translational modifications by capillary
electrophoresis-mass spectrometry, J Chromatogr A 1498 (2017) 215–223. https:
//doi.org10.1016/j.chroma.2017.01.086 . 

116] C. Lew, J.L. Gallegos-Perez, B. Fonslow, M. Lies, A. Guttman, Rapid level-3 charac-
terization of therapeutic antibodies by capillary electrophoresis electrospray ion-
ization mass spectrometry, J Chromatogr Sci 53 (2015) 443–449. https://doi.
org10.1093/chromsci/bmu229 . 

117] H.L. Han, E. Livingston, X.Y. Chen, High throughput profiling of charge heterogene-
ity in antibodies by microchip electrophoresis, Anal Chem 83 (2011) 8184–8191.
https://doi.org10.1021/ac201741w . 

118] T.D. Wheeler, J.L. Sun, S. Pleiner, H. Geier, P. Dobberthien, J. Studts, R. Singh,
B. Fathollahi, Microchip zone electrophoresis for high-throughput analysis of mon-
oclonal antibody charge variants, Anal Chem 86 (2014) 5416–5424. https://doi.
org10.1021/ac500497n . 

119] Y. Huang, S.L. Zhao, M. Shi, Y.M. Liu, Chemiluminescent immunoassay of thyroxine
enhanced by microchip electrophoresis, Anal Biochem 399 (2010) 72–77. https:
//doi.org10.1016/j.ab.2009.11.036 . 

120] G. de Jong (Ed.), Capillary electrophoresis-mass spectrometry (CE-MS): principles
and applications, Wiley-VCH, Germany, 2016 (editors) . 

121] J.S. Mellors, V. Gorbounov, R.S. Ramsey, J.M. Ramsey, Fully integrated glass mi-
crofluidic device for performing high-efficiency capillary electrophoresis and elec-
trospray ionization mass spectrometry, Anal Chem 80 (2008) 6881–6887. https:
//doi.org10.1021/ac800428w . 

122] J.S. Mellors, W.A. Black, A.G. Chambers, J.A. Starkey, N.A. Lacher, J.M. Ram-
sey, Hybrid capillary/microfluidic system for comprehensive online liquid
chromatography-capillary electrophoresis-electrospray ionization-mass spectrom-
etry, Anal Chem 85 (2013) 4100–4106. https://doi.org10.1021/ac400205a . 

123] S.C. Jacobson, L.B. Koutny, R. Hergenroder, A.W. Moore, J.M. Ramsey, Microchip
capillary electrophoresis with an integrated postcolumn reactor, Anal Chem 66
(1994) 3472–3476. https://doi.org10.1021/ac00092a027 . 

124] C.T. Culbertson, S.C. Jacobson, J.M. Ramsey, Dispersion sources for compact ge-
ometries on microchips, Anal Chem 70 (1998) 3781–3789. https://doi.org10.
1021/ac9804487 . 

125] P.W. Lindenburg, R. Haselberg, G. Rozing, R. Ramautar, Developments in
interfacing designs for ce-ms: towards enabling tools for proteomics and
metabolomics, Chromatographica 78 (2015) 367–377. https://doi.org10.1007/
s10337- 014- 2795- 5 . 

126] A.L. Capriotti, C. Cavaliere, P. Foglia, R. Samperi, A. Lagana, Intact protein
separation by chromatographic and/or electrophoretic techniques for top-down
proteomics, J Chromatogr A 1218 (2011) 8760–8776. https://doi.org10.1016/j.
chroma.2011.05.094 . 

127] Z.B. Zhang, T. Albanetti, T. Linkous, C.J. Larkin, R. Schoner, J.I. McGivney,
N.J. Dovichi, Comprehensive analysis of host cell impurities in monoclonal antibod-
ies with improved sensitivity by capillary zone electrophoresis mass spectrometry,
Electrophoresis 38 (2017) 401–407. https://doi.org10.1002/elps.201600390 . 

128] G. Zhu, L. Sun, J. Heidbrink-Thompson, S. Kuntumalla, H. Lin, C.J. Larkin, J.B. Mc-
Givney, N.J. Dovichi, Capillary zone electrophoresis tandem mass spectrometry
detects low concentration host cell impurities in monoclonal antibodies, Elec-
trophoresis 37 (2016) 616–622. https://doi.org10.1002/elps.201500301 . 

129] G. Zhu, L. Sun, T. Linkous, D. Kernaghan, J.B. McGivney, N.J. Dovichi, Absolute
quantitation of host cell proteins in recombinant human monoclonal antibodies
with an automated CZE-ESI-MS/MS system, Electrophoresis 35 (2014) 1448–1452.
https://doi.org10.1002/elps.201300545 . 

http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0100
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0100
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0100
https://doi.org/10.4161/mabs.26282
https://doi.org/10.1038/nprot.2014.057
https://doi.org/10.1021/jasms.0c00036
https://doi.org/10.1002/anie.201206745
https://doi.org/10.4103/2229-4708.72222
https://doi.org/10.1002/anie.200300605
https://doi.org/10.1021/ac00135a034
https://doi.org/10.1002/elps.200900517
https://doi.org/10.1021/acs.jproteome.0c00223
https://doi.org/10.1021/acs.jproteome.5b00100
https://doi.org/10.1002/elps.202000169
https://doi.org/10.4161/mabs.23995
https://doi.org/10.1007/s00216-013-7226-1
https://doi.org/10.1016/j.aca.2016.03.006
https://doi.org/10.1016/j.chroma.2017.01.086
https://doi.org/10.1093/chromsci/bmu229
https://doi.org/10.1021/ac201741w
https://doi.org/10.1021/ac500497n
https://doi.org/10.1016/j.ab.2009.11.036
http://refhub.elsevier.com/S2772-3917(21)00024-4/sbref0120
https://doi.org/10.1021/ac800428w
https://doi.org/10.1021/ac400205a
https://doi.org/10.1021/ac00092a027
https://doi.org/10.1021/ac9804487
https://doi.org/10.1007/s10337-014-2795-5
https://doi.org/10.1016/j.chroma.2011.05.094
https://doi.org/10.1002/elps.201600390
https://doi.org/10.1002/elps.201500301
https://doi.org/10.1002/elps.201300545

	Top-down proteomic analysis of monoclonal antibodies by capillary zone electrophoresis-mass spectrometry
	1 Introduction
	2.1 Capillary electrophoresis separation techniques for mAb analysis
	2.1.1 Capillary zone electrophoresis
	2.1.2 Capillary gel electrophoresis
	2.1.3 Capillary isoelectric focusing

	2.2 Capillary coatings for CZE-MS
	2.3 Separation media for CZE-MS
	2.4 MS analysis of mAbs
	2.4.1 Technical requirements
	2.4.2 Intact mass determination

	2.5 Coupling of CZE with MS
	2.5.1 Offline coupling of CZE with MS
	2.5.2 Online coupling of CZE with MS
	2.5.3 Chip-based on-line CZE-MS

	2.6 Applications

	3 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	References


