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Abstract

Multilevel proteomics aims to delineate proteins at the peptide (bottom‐up proteomics),

proteoform (top‐down proteomics), and protein complex (native proteomics) levels.

Capillary electrophoresis‐mass spectrometry (CE‐MS) can achieve highly efficient se-

paration and highly sensitive detection of complex mixtures of peptides, proteoforms,

and even protein complexes because of its substantial technical progress. CE‐MS has

become a valuable alternative to the routinely used liquid chromatography‐mass

spectrometry for multilevel proteomics. This review summarizes the most recent

(2019–2021) advances of CE‐MS for multilevel proteomics regarding technological

progress and biological applications. We also provide brief perspectives on CE‐MS for

multilevel proteomics at the end, highlighting some future directions and potential

challenges.
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1 | INTRODUCTION

Proteomics aims to characterize proteins in cells compre-
hensively as a function of biological conditions, including but
not limited to their expression, posttranslational modifica-
tions (PTMs), interactions, locations, and turnover
(Aebersold & Mann, 2016; Zhang et al., 2013). Mass spec-
trometry (MS)‐based proteomics has become crucial for

pursuing better understandings of molecular mechanisms of
fundamental cellular processes and disease development
(Aebersold & Mann, 2016). There are three main strategies:
bottom‐up proteomics (BUP), top‐down proteomics (TDP),
and native proteomics.

BUP is the most mature and widely used strategy. It
identifies proteins through the MS and tandemMS (MS/MS)
measurements of peptides derived from the enzymatic
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cleavages of the proteins, making BUP a peptide‐centric ap-
proach. TDP deploys MS and MS/MS to measure intact
proteoforms directly without enzymatic cleavages. It is a
proteoform‐centric approach. Proteoforms represent all forms
of protein molecules from the same gene because of the
gene‐level variations, RNA‐level alternative splicing, and
protein‐level PTMs (Smith & Kelleher, 2013). Native pro-
teomics is a protein complex‐centric approach, pursuing glo-
bal characterization of endogenous protein complexes under
physiological conditions with MS andMS/MS (Li et al., 2018;
Shen et al., 2018; Skinner et al., 2018). The BUP, TDP, and
native proteomics characterize proteins at three different
levels, termed multilevel proteomics. Proteoforms from the
same gene could have drastically different functions (Smith
& Kelleher, 2018). The majority of proteins in cells form
complexes to function. It is vital to measure proteomes in
proteoform‐ and protein complex‐specific manners to better
understand protein function.

Figure 1 shows the differences of BUP, TDP, and
native proteomics regarding proteoform and protein
complex characterizations. BUP can achieve high pro-
teome coverage and the draft map of the human pro-
teome reported in 2014 is a perfect example (Kim
et al., 2014). Tens of thousands of peptides containing
various PTMs (e.g., phosphorylation and acetylation) can
be routinely characterized with accurate PTM localiza-
tion using the modern BUP workflows (Bekker‐Jensen
et al., 2020; Hu et al., 2020; Karayel et al., 2020). How-
ever, BUP usually fails to distinguish proteoforms from
the same gene because intact proteoform pictures are lost
during the enzymatic digestion step (Figure 1). TDP
could give a bird's eye view of all proteoforms in a sample
because it directly measures intact proteoforms. It can
tell that there are four different proteoforms in the
sample and can identify them through MS/MS. However,
it can not provide direct evidence of the protein complex
because the complex falls apart under the denaturing

conditions used in TDP. Two of the main challenges of
TDP are the identification of relatively low‐abundance
proteoforms and accurate localization of PTMs on each
proteoform because proteoforms are substantially larger
than peptides, resulting in much lower sensitivity and
backbone cleavage coverage for proteoform detection and
fragmentation compared to BUP. Native proteomics
could provide the most accurate delineation of proteome
samples because it characterizes proteomes under close
to physiological conditions and directly measures protein
complexes. However, there are several technical chal-
lenges for native proteomics. First, it can only measure
the most abundant protein complexes in a complex
sample due to its low sensitivity, and actually, it is rou-
tinely used to characterize purified protein complexes (Li
et al., 2018; Keener et al., 2019; Wörner et al., 2020).
Second, it usually requires sophisticated mass spectro-
meters to enable the measurement of large protein
complexes and the identification of each proteoform in-
volved in a protein complex through MS/MS (MS2) or
MS3 analysis (Skinner et al., 2018).

The BUP, TDP, and native proteomics have been in-
tegrated for the comprehensive and accurate character-
ization of proteoforms and protein complexes in cells.
The identified proteins and PTM localization information
from the BUP can be used to construct a sample‐specific
proteome database for the TDP to identify and compre-
hensively characterize proteoforms through a better in-
terpretation of the MS and MS/MS spectra of
proteoforms. The identified and fully characterized pro-
teoforms from the TDP of a biological sample provide a
list of potential proteoforms in a protein complex and
facilitate the delineation of the protein complex. There
have been several nice examples of integration of mul-
tilevel proteomics (Dai et al., 2017; Schaffer et al., 2020;
van de Waterbeemd et al., 2017; Xu et al., 2020). For
instance, Schaffer et al. boosted the proteoform

FIGURE 1 Schematic about the differences of BUP, TDP, and native proteomics regarding proteoform and protein complex
characterizations. BUP, bottom‐up proteomics; TDP, top‐down proteomics [Color figure can be viewed at wileyonlinelibrary.com]
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characterization in the human Jurkat T lymphocyte cell
line via integrating BUP and TDP datasets, and they
observed that the BUP data facilitated the PTM locali-
zation on proteoforms identified by the TDP (Schaffer
et al., 2020). In another example, van de Waterbeemd
et al. (2017) integrated native proteomics and BUP for
confirming the binding of a stationary‐phase‐induced
ribosomal‐associated protein (SRA) to Escherichia coli
30S ribosome particles.

The multilevel proteomics requires high‐capacity se-
paration and highly sensitive detection of peptides, pro-
teoforms, and protein complexes because of the high
complexity of proteome samples. Reversed‐phase liquid
chromatography (RPLC)‐MS/MS has been the common
choice for proteomics. During the last decade, capillary
zone electrophoresis (CZE)‐MS/MS and capillary isoelectric
focusing (cIEF)‐MS/MS have been suggested as alternatives
to RPLC‐MS/MS for proteomics due to their unique fea-
tures. First, CZE and cIEF can achieve high‐resolution se-
paration of peptides, proteoforms, and even protein
complexes according to their electrophoretic mobility (µef)
and isoelectric points (pIs). Second, CZE and cIEF can be
online coupled with electrospray ionization (ESI)‐MS using
commercially available capillary electrophoresis‐mass
spectrometry (CE‐MS) interfaces. Third, CZE‐MS has
shown 10‐100 times better sensitivity than RPLC‐MS for the
measurement of peptides and proteoforms (Faserl
et al., 2011; Han, Wang, Aslanian, Fonslow et al., 2014;
McCool & Sun, 2019; Wang et al., 2012). Lastly, the µef of
peptides and proteoforms could be predicted accurately,
potentially benefiting the identification of proteoforms with
PTMs (e.g., phosphorylation and acetylation) (Chen
et al., 2019, 2021; Chen, Lubeckyj et al., 2020; Kim
et al., 2002; Krokhin et al., 2017).

Both CZE‐MS and cIEF‐MS for proteomics have a long
history starting in the 1990s (Figure 2A,B). CZE‐MS for BUP
was pioneered by the Yates and Lubman groups in 1999,
providing initial ideas of using CZE‐MS for analyzing
complex peptide mixtures (Jin et al., 1999; Tong et al., 1999).
From 2000 to 2010, great efforts were made to develop ro-
bust and highly sensitive interfaces for coupling CE to MS
(Heemskerk et al., 2016; Maxwell & Chen, 2008). Many
CZE‐MS‐based BUP studies were also performed during this
period. For example, the Lubman group demonstrated the
capability of CZE‐MS for the characterization of peptides
with PTMs and documented great efforts for predicting µef
of peptides based on CZE‐MS datasets (Kim et al., 2002).
The Zare group and the Dovichi group coupled online
protein digestion using immobilized enzyme microreactors
to CZE‐MS or MS/MS to boost the throughput of BUP (Kato
et al., 2004; Schoenherr et al., 2007). During the last decade,
CZE‐MS/MS for BUP has attracted great attentions (Zhang
et al., 2018). The Dovichi group made great contributions to

the field by boosting the CE‐MS interface, sample loading
capacity of CZE, and peak capacity for peptide separation to
enable large‐scale and highly sensitive BUP (Li et al., 2012;
Sun et al., 2013, 2014). The Lindner group demonstrated the
first example of large‐scale quantitative BUP using CZE‐MS/
MS (Faserl et al., 2015). The Nemes group highlighted the
value of CZE‐MS/MS for mass‐limited samples via analyz-
ing single blastomeres isolated from early‐stage Xenopus
embryos (Lombard‐Banek et al., 2016). More recently, our
research group further improved CZE‐MS/MS for BUP re-
garding overall sensitivity and proteome coverage (Chen
et al., 2018; Yang et al., 2018). CZE‐MS/MS for TDP was
pioneered by the McLafferty group in 1996, demonstrating
the direct coupling of CZE to a FTICR mass spectrometer
for analysis of amole amounts of proteins (Valaskovic
et al., 1996). During 2000–2010, many nice works about
CZE‐MS for intact protein analysis were done (Haselberg
et al., 2011). For example, Akashi et al. (2006) documented
the coupling of microchip‐based CZE to MS for top‐down
characterization of basic proteins. During the last decade,
several research groups have developed CZE‐MS/MS
methods for large‐scale TDP of complex samples due to
the improvement of CE‐MS interface and mass spectro-
meter (Shen, Yang et al., 2019). Han et al. (2014) and Zhao
et al. (2016) provided effective strategies for boosting the
number of proteoform identifications via coupling RPLC
fractionation to CZE‐MS/MS with the production of 300 and
600 proteoforms from a complex proteome, respectively. Li
et al. (2014) demonstrated the capability of CZE‐MS/MS for
the characterization of large proteins. Our group reported
the identification of 600 proteoforms from E. coli in a single
CZE‐MS/MS run via drastically boosting the sample loading
capacity and peak capacity of CZE (Lubeckyj et al., 2017)
and documented the identification of nearly 6000 proteo-
forms from E. coli using a high‐capacity size exclusion
chromatography (SEC)‐RPLC‐CZE‐MS/MS platform
(McCool et al., 2018). Nguyen andMoini (2008) reported the
first study of intact protein complexes under a native con-
dition using CZE‐MS in 2008 via establishing an effective
sample handling procedure, an efficient CZE separation
method, and a reliable coupling of native CZE to native ESI‐
MS. In 2018, our group documented the application of na-
tive SEC‐CZE‐MS/MS to native proteomics of a complex
proteome sample (Shen et al., 2018). Mehaffey et al. (2020)
demonstrated the potential of native CZE‐MS/MS for the
delineation of large protein complexes, that is, E. coli 70S
ribosome.

cIEF‐MS for analysis of intact proteins has been a hot
research area for decades, starting in the 1990s (Hühner
et al., 2015). As shown in Figure 2B, the Lee and Smith
groups are the pioneers in this study area and established
the basic procedure of coupling cIEF to MS for top‐down
MS analysis of proteins (Pasa‐Tolic et al., 1999;
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Tang et al., 1995; Yang et al., 1998). In 2009 and 2011,
automated cIEF‐MS systems for intact protein analysis
were developed to make the method more straightfor-
ward (Mokaddem et al., 2009; Zhong et al., 2011). In 2018
and 2019, several research groups developed automated
cIEF‐MS or imaged cIEF‐MS systems for the character-
ization of charge variants of monoclonal antibodies
(mAbs) (Dai & Lamp, Xia, et al., 2018; Mack et al., 2019;
Montealegre & Neusüß, 2018). In 2020, our group de-
monstrated the power of automated cIEF‐MS/MS for
large‐scale qualitative and quantitative TDP of complex
proteomes (Xu et al., 2020). Shen et al. (2000) published
one of the first studies about high‐resolution cIEF se-
paration of complex peptide mixtures for BUP in 2000.
Storms et al. (2005) documented the direct coupling of
cIEF to ESI‐MS/MS for BUP and demonstrated a carrier
ampholyte free cIEF‐MS/MS approach for analyzing a

complex proteome sample with the identification of over
100 proteins in a single run. Zhu et al. (2013) employed a
mixture of amino acids as carrier ampholyte for cIEF‐
MS/MS‐based quantitative BUP of differentiated PC12
cells and identified over 800 proteins. Interestingly, cIEF‐
MS has also been evaluated for the characterization of
intact protein complexes under a native condition in
2000 and demonstrated the potential of cIEF‐MS for
native proteomics (Martinović et al., 2000). We need to
highlight that Dr. David M Lubman also made huge
contributions in the area of IEF for protein separation
and applications in cancer research starting in 2002
(Kachman et al., 2002).

Several comprehensive reviews have been published
recently regarding CE‐MS for BUP and TDP (Gomes &
Yates, 2019; Hühner et al., 2015; Shen, Yang, et al., 2019;
Zhang et al., 2018). In this review, we focus on the most

FIGURE 2 Summary of the history of CZE‐MS (A) and cIEF‐MS (B) for multilevel proteomics. cIEF, capillary isoelectric focusing; CZE,
capillary zone electrophoresis; MS, mass spectrometry [Color figure can be viewed at wileyonlinelibrary.com]
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recent (2019–2021) technical advances and applications
of CE‐MS for multilevel proteomics.

2 | TECHNOLOGICAL
DEVELOPMENT

The broad recognition and widespread adoption of CE‐
MS for proteomics are attributed to the continuous im-
provement in techniques, such as CE‐MS interface for
better sensitivity and robustness, capillary coating for
eliminating analytes' dead adsorption and electroosmotic
flow (EOF), online sample preconcentration methods for
better sample loading capacity of CZE, and automation of
cIEF‐MS for user‐friendly operations.

2.1 | CE‐MS interface

The development of CE‐MS interface has been a hot re-
search topic for decades starting from the pioneering
work of Smith et al. (1988). The ideal characteristics of a
CE‐MS interface are highly sensitive, robust, user‐
friendly, and compatible with different CE‐MS condi-
tions. Table 1 summarizes the four commercialized CE‐
MS interfaces. They are the coaxial sheath flow interface
(Agilent) developed by Smith et al. (1988), the sheathless
interface using a porous capillary tip as the ESI emitter
(CESI, Sciex) developed by Moini (2007), the glass mi-
crofluidic device with integrated CE and CE‐MS interface
(ZipChip, 908 Devices) developed by the Mellors et al.
(2008), and the electro‐kinetically pumped sheath flow
interfaces (EMASS‐II, CMP Scientific) designed by the
Dovichi group in 2010, 2013, and 2015 (Figure 3; Sun
et al., 2013, 2015; Wojciket al., 2010). The commercia-
lized versions of these interfaces are relatively robust,

easy to use, and widely adopted. The CESI has no sheath
flow, requiring that the separation buffer needs to sup-
port ESI. The other three sheath‐flow interfaces have
better compatibility with various CE‐MS conditions due
to the sheath buffer. The coaxial sheath flow interface
has lower sensitivity than the CESI, ZipChip, and
EMASS‐II interfaces because it employs a low µl/min
flow rate of sheath buffer for ESI, leading to a significant
sample dilution. Although the EMASS‐II interface also
utilizes a sheath buffer, the flow rate of the sheath buffer
is very low, ensuring an extremely high sensitivity. For
example, Sun et al. (2013) reported a low zmole limit of
detection (LOD) of peptides using the EMASS‐II inter-
face on a Q‐Exactive mass spectrometer. The sensitivity
of CESI and EMASS‐II interfaces are most likely

TABLE 1 Summary of the commercialized CE‐MS interfaces

CE‐MS Interface Sensitivity Robustness
User‐
friendliness

Compatibility with varied
CE‐MS conditions

Coaxial sheath flow interface (Smith et al., 1988),
Commercialized by Agilent

√ √ √ √√
Sheath buffer

Sheathless interface using a porous capillary tip as ESI
emitter (Moini, 2007), Commercialized by
Sciex; CESI

√√√ √ √ √
The separation buffer needs

to support ESI.

Glass microfluidic device with integrated CE and CE‐
MS interface (Mellors et al., 2008), Commercialized
by 908 Devices; ZipChip

√√ √ √ √√
Sheath buffer

Electro‐kinetically pumped sheath flow interfaces (Sun
et al., 2013, 2015; Wojcik et al., 2010),
commercialized by CMP Scientific; EMASS‐II

√√√ √ √ √√
Sheath buffer

FIGURE 3 Schematic designs of the electrokinetically pumped
sheath flow CE‐MS interface (A) and its three different generations
(B). Reproduced from Sun et al. (2015) with permission from
American Chemical Society, copyright (2015). CE‐MS, capillary
electrophoresis‐mass spectrometry
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comparable. The ZipChip uses a corner of the micro-
fluidic CE chip for ESI, and a high amole LOD of a
peptide in a complex background has been estimated
recently using the ZipChip system on a Q‐Exactive HF
mass spectrometer (Rinas et al., 2019). Besides the
commercialized interfaces, the flow‐through microvial
interface developed by the Chen group in 2010 is also
well recognized and has shown great robustness, sensi-
tivity, and flexibility (Maxwell et al., 2010). These inter-
faces have been well reviewed in the literature
(Ramautar et al., 2012; Shen, Yang et al., 2019). Guo et al.
(2016) developed a true sheathless CE‐MS interface using
a metal‐coated and tapered capillary as the ESI emitter
instead of the porous capillary tip and demonstrated that
a hundred CE‐MS runs were achieved without significant
degradation of interface performance. Choi et al. (2017)
presented an improved co‐axial sheath flow interface via
using a tapered‐tip metal emitter and observed stable ESI
at the 200–350 nl/min sheath flow, producing a 260‐zmol
LOD for angiotensin II with an Impact HD quadrupole
time‐of‐flight mass spectrometer in a parallel reaction
monitoring mode.

During the last 2 years, the development of the CE‐
MS interface has focused on modifications and im-
provement of the interfaces mentioned above. Sauer et al.
(2020) developed a new version of the co‐axial sheath‐
flow interface via using a tapered and gold‐coated
stainless tubing as the ESI emitter. The authors showed
a slightly improved ESI stability using the gold‐coated
emitter compared to the stainless emitter and a 2 nM
LOD for angiotensin II. Because of the relatively high
flow rate of the sheath buffer for ESI (i.e., 3.0 μl/min), the
interface's sensitivity could be limited. Zhang et al. (2020)
fabricated a new version of the sheathless interface using
a gold foil‐covered capillary tip as an ESI emitter instead
of a porous capillary tip or metal‐coated capillary tip.
One end of the separation capillary was first etched with
a hydrofluoric acid (HF) solution to produce a capillary
tip for ESI, and the tip was further covered with a piece
of gold foil for electrical contact for ESI. The gold foil was
fixed with epoxy resin glue. The sheathless interface
produced stable ESI in a wide range of separation buffer
flow rates (50–800 nl/min), ensuring a reasonably high
sensitivity. The authors documented that the lifetime of
the interface was over 180 h, suggesting good robustness.
The fabrication process involving HF etching and fixa-
tion of gold foil on the etched capillary tip with glue
could limit the user friendliness of the interface.
Vermeire et al. (2020) created another version of the
sheathless interface by making an opening on the se-
paration capillary using CO2 laser for electrical contact.
A liquid reservoir was used to cover the opening for two
purposes. First, an external voltage can be applied in the

reservoir for ESI. Second, a make‐up liquid flow at
hundreds of nl/min into the separation capillary through
the opening from the reservoir can help to maintain
stable ESI. However, the complicated fabrication process,
nearly porous capillary tip from HF etching for ESI,
manual operations of the interface are potential issues
regarding robustness and user‐friendliness. More re-
cently, Höcker et al. (2021) modified the electro‐
kinetically pumped sheath flow interface by adding an-
other capillary into the pulled glass ESI emitter to further
improve the robustness of the system. The purpose of the
second capillary is to deliver sheath buffer into the spray
emitter to help guide the analytes from the separation
capillary for ESI if necessary and for cleaning up the
spray emitter to remove sample matrixes that are po-
tentially left in the emitter after sample analysis.

Besides modifications and improvement of previous
interfaces, a novel approach for coupling CE to MS was
developed by the Holland group in 2020 (Kristoff
et al., 2020). The method employed vibrating sharp‐edge
spray ionization (VSSI) for creating a low flow voltage
free CE‐MS interface. The interface utilizes a pulled glass
probe to transfer vibrations from the piezoelectric source
to the liquid pumped out of the separation capillary for
ionization. The vibrating probe needs to contact with the
liquid from the separation capillary at the capillary or-
ifice, which requires a liquid flow at an nl/min level (i.e.,
70–200 nl/min) inside of the separation capillary driven
by either an EOF or an external pressure. The system was
tested to analyze β‐blockers, peptides, and proteins,
showing potential for various biological applications.

It is worthy to point out that these new developments
of CE‐MS interfaces during 2019–2021 discussed above
need to be thoroughly evaluated regarding sensitivity,
robustness, and compatibility with various CE‐MS con-
ditions. Additionally, they can be improved for better
user‐friendliness.

Several papers about further evaluations of some of
the well‐known CE‐MS interfaces have been published
during the last 2 years (Amenson‐Lamar et al., 2019; Gou
et al., 2020; Wang et al., 2021). Wang et al. (2021) eval-
uated the compatibility of the flow‐through microvial
interface with mass spectrometers from different vendors
(Agilent, Sciex, and Thermo Fisher Scientific) for CE‐MS
analysis of amino acids and peptides. They demonstrated
good compatibility of the interface with various mass
spectrometers involved and showed, on average, a 50‐
and a 10‐fold improvement in the signal‐to‐noise ratio
(S/N) of amino acids and peptides compared to the
coaxial sheath flow interface. Amenson‐Lamar et al.
(2019) investigated the electrokinetically pumped sheath‐
flow interface for CZE‐MS detection of peptides with
ultrahigh sensitivity, documenting the direct detection of
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1‐zmol angiotensin (about 600 molecules) injected and a
230‐ymol LOD for the peptide. Gou et al. (2020) com-
pared the commercialized electrokinetically pumped
sheath‐flow interface (EMASS‐II) with the coaxial
sheath‐flow interface for BUP of a complex sample, re-
porting that the EMASS‐II interface based system iden-
tified about two times more peptides and proteins.

2.2 | Coating

For the characterization of large biomolecules (peptides,
proteins, and protein complexes) using CZE‐MS or cIEF‐MS,
the inner wall of the separation capillary usually needs to be
coated with neutral and hydrophilic polymers, for example,
linear polyacrylamide (LPA). There are at least two purposes.
First, the coating can reduce the dead adsorption of the
analytes on the inner wall of the capillary, ensuring high
separation efficiency and high sensitivity. Second, the neutral
polymers immobilized on the inner wall of the capillary
eliminate the EOF and slow down the CE separation, pro-
viding wide separation windows for mass spectrometers to
acquire MS and MS/MS of analytes, which is crucial for
large‐scale proteomics. For example, hours of separation
windows and high separation efficiency have been achieved
using CZE‐MS or cIEF‐MS with LPA‐coated separation ca-
pillaries for BUP and TDP of complex proteomes, leading to
the identification of thousands of protein groups and about
1000 proteoforms in a single run (Busnel et al., 2010;
Lubeckyj et al., 2017, 2019; Sun et al., 2014; Xu et al., 2020;
Zhang et al., 2017). Many kinds of covalent and dynamic
coatings have been developed in the literature, and the
coatings developed before 2019 have been comprehensively
reviewed (Gomes & Yates, 2019; Shen, Yang et al., 2019;
Zhang et al., 2018).

During the last 2 years, several kinds of covalent and
neutral coatings have been developed to improve the CE
separation of large biomolecules (Meixner et al., 2020; Shen,
Liang, et al., 2021; Wang et al., 2019; Yu et al., 2019). Yu et al.
(2019) prepared a photosensitive diazotized poly (vinyl
alcohol‐b‐styrene) coating for CZE separation of intact pro-
teins. The new coating‐based CZE baseline separated a
mixture of standard proteins. The EOF mobility had mini-
mal changes after flushing the coated capillary for 10min
with 0.1M NaOH, 0.1M HCl, or N‐dimethylformamide,
indicating good stability of the coating. However, more stu-
dies are needed about the stability of the coating for long‐
time uses and its wide applicability for various complex
protein samples. Wang et al. (2019) tried to improve the
covalent LPA coating by copolymerizing high‐surface‐area
attapulgite nanoparticles and acrylamide under the assis-
tance of azobisisobutyronitrile initiator and heat. The se-
paration capillary with the new coating showed lower EOF

mobility than that with the typical LPA coating. The new
coating‐based CZE‐MS demonstrated good stability and re-
producibility for the separation of a standard protein mix-
ture. CZE‐MS/MS analysis of an E. coli proteome sample
using a separation capillary with the new coating achieved a
90‐min separation window and identified 300 proteoforms in
one run. Meixner et al. (2020) created a highly polar, pH‐
persistent, and covalent poly AAEE (N‐acryloylamido
ethoxyethanol) coating based on Si‐C linkages to AAEE for
CZE separations of peptides, proteins, and polyamines in
complex samples. The EOFmobility of coated capillaries had
minor to moderate changes after successively flushing the
capillaries with 1M HCl, acetonitrile, and 1M NaOH for 1 h
each, indicating reasonably good stability of the coating. The
coated capillary was successfully used for CZE‐MS mea-
surements of intact protein samples for 100 h without special
rinsing. More recently, Shen, Liang, et al. (2021) developed a
linear carbohydrate polymer (LCP) coating on the inner wall
of separation capillaries for boosting the characterization of
large proteins and protein complexes using native CZE‐MS.
The LCP coating was prepared by using a newly synthesized
sugar monomer (3‐O‐acryloyl‐α/β‐D‐glucopyranose). Native
CZE‐MS measurement of monoclonal antibodies (mAbs)
using the LCP coating produced a much higher signal in-
tensity of mAbs compared to the typical LPA coating, most
likely due to the reduced protein dead adsorption on the
capillary inner wall. The data suggest the potential of the
LCP‐coated capillaries for CZE‐MS‐based native proteomics.

It has been demonstrated in the literature that poly-
mers with N‐H groups could lead to higher protein ad-
sorption compared to that without the N–H groups, most
likely because the N–H groups act as hydrogen bonding
donors, which causes protein‐polymer interaction
through hydrogen bonds (Metzke & Guan, 2008). In
general, LPA coating performs well for BUP and TDP of
small proteoforms using CE‐MS as demonstrated in
many publications (Gomes & Yates, 2019; Shen, Yang
et al., 2019; Zhang et al., 2018). When CE‐MS is used for
characterizing large proteoforms and protein complexes,
its performance could be further boosted substantially by
using protein‐resistant polymer coatings, as demon-
strated by our recent work (Shen, Liang, et al., 2021).

2.3 | Online sample preconcentration
techniques

CZE typically has low sample loading capacity, and about
1% of a total capillary volume can be filled with a sample
for analysis to maintain high separation efficiency. For
example, a 1‐m long separation capillary with 50‐µm inner
diameter (i.d.) has a total volume of 2000 nl, which means
only a 20‐nl aliquot of a sample is injected for CZE under a
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typical condition. The low sample loading capacity leads
to at least two issues. First, CZE usually has poor con-
centration LODs due to the limited sample loading vo-
lume, which leads to challenges for the analysis of samples
with low concentrations. Second, CZE‐MS/MS can only be
able to identify the most‐abundance peptides and proteins
in complex proteome samples in proteomics applications
because of the limited amounts of peptides and proteins
that can be injected into the capillary, limiting the pro-
teome coverage.

When CZE‐MS/MS is employed for large‐scale pro-
teomics or characterization of low‐concentration analytes
in samples, usually an online sample preconcentration
method is deployed. Many different sample concentra-
tion techniques have been developed and evaluated for
CZE‐MS/MS‐based large‐scale proteomics, including
field‐enhanced sample stacking, dynamic pH junction,
capillary isotachophoresis (cITP), and solid‐phase mi-
croextraction (SPME). Different sample preconcentration
methods for proteomics have been reviewed in detail
recently (Gomes & Yates, 2019; Shen, Yang et al., 2019;
Zhang et al., 2018).

Several sample‐stacking techniques have been devel-
oped or further evaluated for CZE‐MS analysis of com-
plex samples during the last 2 years. These techniques
can be divided into two categories: electric field‐based
sample stacking and SPME.

Four electric field‐based sample‐stacking methods
have been investigated. Wells et al. (2019) employed
electrokinetic supercharging (EKS) for highly efficient
sample stacking in CZE‐MS analysis of biogenic amines
in biological samples. The EKS method utilizes a sig-
nificant electric field difference between the high con-
ductivity leading electrolyte zone and low conductivity
water zone in the separation capillary for concentrating
analytes at the boundary between the two zones after
analytes are electrokinetically injected. The EKS‐based
method achieved a 5000‐fold improvement in sensitivity
compared to a typical hydrodynamic injection approach,
leading to 10 pM LODs for neurotransmitters. Tang et al.
investigated a separation voltage polarity switching
transient cITP (PS‐tCITP) method for boosting the sam-
ple loading capacity of CZE (Tang et al., 2021; Wu
et al., 2019). The basic idea of PS‐tCITP is to make ana-
lytes move back and forth during the initial ITP in a
separation capillary by changing the separation voltage
polarity. The goal is to boost the sample loading volume
and separation efficiency simultaneously compared to
the typical tCITP method. Under an optimized condition,
five standard peptides were baseline separated with a
sample loading capacity of 100% capillary volume. It is a
very promising technique, and more PS‐tCITP‐MS stu-
dies of complex proteome samples will be helpful to

demonstrate its capability of advancing CZE‐MS‐based
proteomics.

Dynamic pH junction is another highly efficient
sample stacking technique, and it was invented by the
Chen group in 2000 (Britz‐McKibbin & Chen, 2000).
During the dynamic pH junction sample stacking in
CZE‐MS‐based proteomic studies, the analytes (peptides
or proteoforms) are concentrated at the moving pH
boundary between the basic sample zone and acidic se-
paration buffer. Several papers have shown a microliter
scale sample loading capacity with CZE‐MS (about
25%–75% of the total capillary volume) with the assis-
tance of optimized dynamic pH junction methods for
large‐scale BUP and TDP (Chen et al., 2017; Lubeckyj
et al., 2017, 2019; Yang et al., 2018; Zhu et al., 2014). Yan
et al. (2019) systematically investigated a dynamic pH
junction‐based CZE‐MS method for quantitative analysis
of microcystin variants, yielding over two orders of
magnitude higher peak heights for four microcystin
variants compared to the typical CZE‐MS without sample
stacking. More recently, Wang et al. (2020) developed a
dynamic pH barrage junction‐based CZE‐MS and MS/MS
method for analysis of amino acids, standard peptides,
and mAb digests. The dynamic pH barrage junction is a
technical variant of the dynamic pH junction, and they
have a similar principle. In their design, a separation
capillary with a positive charge coating (i.e., poly-
ethyleneimine) was coupled to an Orbitrap Fusion Lu-
mos mass spectrometer through a flow‐through
microvial CE‐MS interface (Figure 4A). The capillary was
first filled with an acidic separation buffer (pH 2.2), fol-
lowed by sequential injections of a long sample plug (e.g.,
10% of the capillary length) in an acidic buffer (pH 2.2)
and a basic barrage segment (pH 10.2), before a separa-
tion voltage application (Figure 4B). After a high negative
potential was applied at the sample injection end, a
strong EOF pushed the analytes to flow towards the mass
spectrometer, and the positive analyte ions in the acidic
sample zone migrated into the basic barrage segment due
to the electrostatic propulsion simultaneously. After that,
the analytes became negatively charged and moved to-
wards the sample zone under the electric field. The
analytes were eventually concentrated at the pH
boundary between the sample and basic barrage zones.
The optimized CZE‐MS/MS system with the dynamic pH
barrage junction sample stacking achieved 100% se-
quence coverage for mAb heavy and light chains via
consuming only 9 ng of the protein digest, indicating
high sensitivity of the system.

cIEF has also been evaluated as a sample stacking
technique recently for native CZE‐MS analysis of mAbs
(Shen, Liang, et al., 2021). Basically, a separation capil-
lary with a neutral coating on its inner wall was first
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filled with a CZE separation buffer (25 mM ammonium
acetate, pH 6.8), followed by sequential injections of a
short plug of basic buffer (50 mM ammonium acetate, pH
9.5), a mixture of sample and pharmalyte in 10mM
ammonium acetate (pH 6.8), and a short plug of CZE
separation buffer. The analytes in the sample zone were
first focused according to their pIs in a range of 6.8 and
9.5, followed by typical CZE separation. The native cIEF‐
assisted CZE‐MS resolved three peaks of NIST mAb with
a submicroliter sample loading volume. Both the NIST
mAb and its homodimer with eight glyco‐proteoforms
were detected. The data indicated the potential of the
method for advancing native proteomics.

Besides the four electric field‐based sample‐stacking
methods, various SPME techniques were developed during
the last 2 years for online concentration of analytes. Pero‐
Gascon, Benavente, Neusüß et al. (2020) developed a novel
SPME‐CZE‐MS system by coupling a C18‐microcartriage for
analyte concentration and cleanup to a CZE‐MS system via a
nanoliter valve (nvSPE‐CE‐MS). The new system was used

for the analysis of opioid and amyloid beta peptide bio-
markers. The nvSPE‐CE‐MS improved the LODs of the
peptide biomarkers by 200 times compared to CE‐MS. The
nvSPE‐CE‐MS method allows the independent operations of
SPE and CZE‐MS and is a useful alternative to regular SPE‐
CZE‐MS for various biological applications. Recently, some
new designs of the SPME allow the efficient concentration of
analytes from complex samples with high selectivity. Pero‐
Gascon et al. (2019) fabricated an online immunoaffinity
SPME‐CZE‐MS system to analyze serum transthyretin via
coupling a microcartridge packed with transthyretin
antibody‐immobilized magnetic beads to CZE‐MS and suc-
cessfully applied the SPME‐CZE‐MS method to analysis of
transthyretin in human serum. Pont et al. (2020) created a
monolithic microcartridge in a capillary and immobilized
gold nanoparticles on the monolithic material for selectively
concentrating proteins containing thiol, that is, human
transthyretin, because gold nanoparticles have a strong affi-
nity with thiol‐containing compounds. The microcartridge
was integrated into a CZE‐MS system for online selective
concentration and CZE‐MS characterization of human
transthyretin. The SPME‐CZE‐MS method improved the
LOD of human transthyretin by 50 times compared to
CZE‐MS.

2.4 | Automated operations of cIEF‐MS

The cIEF‐MS experiments were usually carried out in a
semi‐online manner due to the two steps of cIEF (focusing
and mobilization). For example, the separation capillary
outlet was placed in a catholyte reservoir with a basic buffer
for focusing, followed by a manual transfer of the capillary
outlet to a CE‐MS interface filled with an acidic sheath liquid
for mobilization and ESI. The complicated and manual op-
erations became one of the challenges of widespread adop-
tion of cIEF‐MS for proteomics. The documentation of
“sandwich” injection configuration in 2009 made fully au-
tomated cIEF‐MS analysis possible (Mokaddem et al., 2009).
Zhu et al. (2017) developed an automated cIEF‐MS method
based on the “sandwich” injection approach via the electro‐
kinetically pumped sheath flow interface. Dai et al. (2018)
further systematically investigated the automated cIEF‐MS
method developed by Zhu et al. and created an improved
system for highly efficient separation of mAb charge var-
iants. The distal end of separation capillary was placed in the
electro‐kinetically pumped sheath flow CE‐MS interface fil-
led with an acidic sheath buffer (e.g., 20% acetic acid (AA)
with 25% acetonitrile). The capillary was first filled with an
acidic anolyte (1% formic acid (FA) with 15% glycerol), fol-
lowed by sequential injections of a short plug of basic cath-
olyte (e.g., 0.2N NH4OH with 15% glycerol) and a long plug
of a mixture of sample and pharmalyte. After moving the

FIGURE 4 Schematic designs of the CZE‐MS system with the
dynamic pH barrage junction stacking and the flow through
microvial CE‐MS interface (A) and the basic principle of the
dynamic pH barrage junction stacking using a PEI‐coated
separation capillary (B). Reproduced from Wang et al. (2020) with
permission from John Wiley and Sons, copyright (2020). CE‐MS,
capillary electrophoresis‐mass spectrometry; CZE‐MS, capillary
zone electrophoresis‐mass spectrometry; PEI, polyethyleneimine
[Color figure can be viewed at wileyonlinelibrary.com]
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injection end of the capillary into a reservoir containing the
anolyte, a high electric field was applied across the separa-
tion capillary for focusing and separating the analytes ac-
cording to their pIs. After that, the chemical mobilization
occurred automatically when cations from the anolyte (H+)
continuously entered the separation capillary and disrupted
the pH gradient. More recently, our group developed high‐
throughput and high‐capacity automated cIEF‐MS/MS
methods according to the “sandwich” injection approach
for large‐scale TDP using the electro‐kinetically pumped
sheath flow interface (Figure 5; Xu et al., 2020). For the high‐
throughput cIEF‐MS/MS method, an 80‐cm‐long LPA‐
coated capillary, an acidic sheath buffer containing 0.2%
(v/v) FA and 10% (v/v) methanol, an acidic anolyte solution
(0.1% (v/v) FA), and a basic catholyte (0.3% (w/w) NH3·H2O,
pH 11.8) were used. For the high‐capacity method, a 150‐cm‐
long LPA coated capillary and an acidic anolyte solution (5%
(v/v) AA) were used and others were the same as the high‐
throughput method. The high‐capacity and automated cIEF‐
MS/MS enabled the identification of over 700 proteoforms
from an E. coli cell lysate in a 2‐h run; the high‐throughput
method identified about 300 proteoforms from the same
sample in a 50‐min run. The data suggested that the auto-
mated cIEF‐MS/MS could be a useful analytical tool for
large‐scale TDP.

Besides the “sandwich” injection approach, another
method for automated cIEF‐MS has also been explored by
the Chen group in 2018 using the flow‐through microvial
CE‐MS interface (Wang et al., 2018). Basically, the se-
paration capillary was filled with a mixture of analytes and
pharmalyte. The distal end was placed in the CE‐MS in-
terface filled with a basic catholyte and the injection end
was immersed in an acidic anolyte for focusing. After that,
the basic catholyte in the CE‐MS interface was replaced
automatically by pumping an acidic sheath buffer into the
interface for initiating the chemical mobilization step. The
automated cIEF‐MS method was successfully applied to
the analysis of various samples, including peptide pI
markers, protein pI markers, and one mAb sample.

3 | CE ‐MS FOR MULTILEVEL
PROTEOMICS APPLICATIONS

Because of the drastic technical progress, CZE‐MS and
cIEF‐MS have been recognized as useful alternatives to
LC‐MS for multilevel proteomics. In this part, we sum-
marize their applications in proteomics during the last
2 years and categorize them into three groups: BUP, TDP,
and native proteomics.

FIGURE 5 (A) Schematic of the automated cIEF‐MS system based on the “sandwich” injection approach. (B) Base peak
electropherograms of an Escherichia coli lysate after triplicate analyses by the high‐throughput cIEF‐MS/MS. (C) Base peak
electropherograms of an E. coli lysate after analyses by automated cIEF‐MS/MS using an 80‐cm LPA‐coated capillary and 0.1% FA as the
anolyte (high‐throughput, red), a 150‐cm LPA‐coated capillary and 0.1% FA as the anolyte (blue), and a 150‐cm LPA‐coated capillary and 5%
AA as the anolyte (high‐capacity, dark cyan). Reproduced from Xu et al. (2020) with permission from American Chemical Society, copyright
(2020). cIEF‐MS, capillary isoelectric focusing‐mass spectrometry; FA, formic acid; LPA, linear polyacrylamide [Color figure can be viewed
at wileyonlinelibrary.com]
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3.1 | Bottom‐up proteomics

CZE‐MS/MS‐based BUP has been widely employed for
various biological applications during 2019–2021, in-
cluding but not limited to highly sensitive characteriza-
tion of mass‐limited biological samples (e.g., single cells),
analysis of biopharmaceuticals, measurement of disease‐
related biomarkers, delineation of protein PTMs, large‐
scale quantitative proteomics, and peptidomics.

3.1.1 | Highly sensitive characterization of
mass‐limited biological samples

CZE‐MS/MS has been well recognized for BUP character-
ization of mass‐limited samples due to its small sample
consumption and better sensitivity than RPLC‐MS/MS for
peptide detection. Lombard‐Banek, Moody et al. (2019)
documented the identification and quantification of nearly
800 proteins using CZE‐MS/MS from blastomeres isolated
from Xenopus laevis early‐stage embryos with a consumption
of only 5 ng proteome digest. The CZE‐MS/MS was further
applied to study the cell lineage of the animal‐dorsal (D11)
cell in 16‐cell embryos to blastomeres in 32‐, 64‐, and 128‐cell
embryos with the quantification of hundreds of proteins
from blastomeres at every developmental stage studied, de-
monstrating the high sensitivity of the CZE‐MS/MS system
for BUP. The data demonstrated significantly higher protein
heterogeneity across blastomeres at the 128‐cell stage

compared to the 16‐cell stage (Figure 6A). More recently,
Lombard‐Banek et al. (2021) also presented multiomics
(proteomics and metabolomics) analyses of single blas-
tomeres in early‐stage Xenopus embryos with the label‐free
detection of 150 metabolites and 738 proteins.

To boost the proteome coverage from mass‐limited
samples using CZE‐MS/MS, coupling nanoflow liquid‐
phase fractionation to CZE‐MS/MS is essential. In 2018, our
group developed a nanoflow RPLC (nanoRPLC)‐CZE‐MS/
MS system via the electro‐kinetically pumped sheath flow
interface and the dynamic pH junction sample stacking
technique (Figure 6B; Yang et al., 2018). The dynamic pH
junction‐based CZE‐MS/MS enabled the use of 33% of the
available peptide material in each nanoRPLC fraction for
measurements. The nanoRPLC and CZE provided orthogo-
nal and high capacity separation of peptides. The
nanoRPLC‐CZE‐MS/MS system identified 7500 proteins and
60,000 peptides starting with only 5‐μg MCF7 proteome di-
gest using a Q‐Exactive HF mass spectrometer. In 2019, we
further improved the nanoRPLC‐CZE‐MS/MS system re-
garding sensitivity via treating sample vials with bovine
serum albumin for sample loss reduction, optimizing the
nanoRPLC fraction collection, and employing fast CZE se-
paration (Yang et al., 2019). The new system identified 6500
proteins starting with only 500 ng of MCF7 proteome digest.
Coupling an advanced sample preparation method to the
improved nanoRPLC‐CZE‐MS/MS resulted in the identifi-
cation of nearly 4000 proteins from roughly 1000 HEK293T
cells. The data render nanoRPLC‐CZE‐MS/MS a valuable

FIGURE 6 (A) Hierarchical‐cluster‐analysis heat map of quantified proteins across blastomeres from 16‐, 32‐, 64‐, and 128‐cell Xenopus
embryos. Blastomeres from the same embryonic stage are grouped together and blastomeres from the 128‐cell stage show significantly
higher protein abundance heterogeneity compared to that from the 16‐cell stage. Protein examples with quantifiable cell heterogeneity in
the 16‐ and 128‐cell blastomeres are marked with *. Reproduced from Lombard‐Banek, Moody et al. (2019) with permission from American
Chemical Society, copyright (2019). (B) Illustration of nanoRPLC‐CZE‐MS/MS for orthogonal and high‐capacity separations of peptides.
Eluates from nanoRPLC are collected every several minutes, followed by dynamic pH junction‐based CZE‐MS/MS analysis. CZE, capillary
zone electrophoresis; MS/MS, tandem mass spectrometry [Color figure can be viewed atwileyonlinelibrary.com]
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tool for highly sensitive and large‐scale BUP of mass‐limited
samples.

3.1.2 | Analysis of biopharmaceuticals

CZE‐MS/MS has been proven as a useful tool for BUP
analysis of mAbs. Cheng et al. (2020) documented a 100%
and a 96% sequence coverage for the light and heavy chains
of the mAb infliximab using CZE‐MS/MS via the flow‐
through microvial interface and dynamic pH barrage junc-
tion sample stacking with the consumption of <200 ng
protein digest, demonstrating the capability of CZE‐MS/MS
for sequencing mAbs with high sensitivity. To further boost
the separation of mAb digests, Kumar et al. (2020) presented
offline RPLC fractionation and CZE‐MS/MS for nearly
complete sequence coverages (99.55% and 98.6%) of heavy
and light chains of a mAb, which were significantly better
than that from RPLC‐MS/MS and CZE‐MS/MS alone. Ad-
ditionally, the RPLC‐CZE‐MS/MS approach identified a
drastically higher number of peptides containing PTMs, in-
dicating the benefit of better peptide separation for analysis
of mAbs.

CZE‐MS/MS has also been deployed for BUP analysis
of antibody‐drug conjugates (ADCs). Fonslow et al. (2020)
employed the CESI technique for CZE‐MS and MS/MS
analysis of ADCs, identifying three predominant ligand
conjugation sites and determining their rough stoichio-
metries 73%, 14%, and 6%. The data highlighted the value
of CZE‐MS/MS for analysis of ADCs. Saadé et al. (2020)
presented a detailed BUP protocol for characterizing the
primary structure of ADCs using CZE‐MS/MS with the
CESI technique. The protocol enabled characterizations of
amino acid sequence, glycosylation, and conjugated drug
locations on the peptide backbone of ADCs.

Besides mAbs and ADCs, CZE‐MS/MS‐based BUP has
also been employed for the analysis of host cell proteins
(HCPs). HCPs are important for the quality of a biother-
apeutic product. Kumar et al. (2021) employed offline
RPLC fractionation and CZE‐MS/MS for the identification
of HCPs in mAb producing CHO cell line. The offline
RPLC‐CZE‐MS/MS system identified 397 HCPs from the
supernatants of CHO cells and outperformed modern
RPLC‐MS/MS (189 HCPs) and CZE‐MS/MS (128 HCPs)
regarding the number of identified HCPs.

3.1.3 | Analysis of disease‐related
biomarkers

CZE‐MS/MS has been broadly utilized for discovering bio-
markers of diseases, including cancer, kidney and cardio-
vascular disease, heart failure, and IgA nephropathy.

Frantzi et al. (2019) utilized CE‐MS/MS for quanti-
tatively measuring urinary peptides in hundreds of
prostate cancer patient samples and control samples,
leading to the identification of 19 peptide biomarkers for
distinguishing the cancer patient and control samples.
Identifying single amino acid variants (SAAVs) is vital
for understanding tumorigenesis and progression. Tan
et al. (2020) employed RPLC or nanoRPLC fractionation
and dynamic pH junction‐based CZE‐MS/MS for com-
prehensive BUP characterization of SAAVs in a PANC‐1
cell line, resulting in the detection of 540 SAAVs, which
represented the most comprehensive study of SAAVs at
that time. The two studies highlighted the crucial roles
CZE‐MS/MS could play in cancer‐related research.

CZE‐MS/MS was also used for studying other dis-
eases. For example, one recent review paper summarized
the recent studies using CZE‐MS/MS for quantitatively
measuring urinary peptides in human patient samples
for discovering biomarkers of kidney and cardiovascular
disease (Latosinska et al., 2021). In one study, Pelander
et al. (2019) employed CZE‐MS and MS/MS for quanti-
tatively comparing the urinary peptide abundance of
dogs with and without chronic kidney disease, leading to
the detection of 133 differentially excreted peptides.
These peptides were used to construct predictive models
of chronic kidney disease successfully. Campbell et al.
(2020) utilized CZE‐MS for analyzing 829 human urinary
proteome samples, of which 622 samples were from heart
failure patients, and 207 samples were from control. A
group of detected urinary peptides (HF1) from the ana-
lyses were used for diagnosis of heart failure, resulting in
comparable diagnostic performance to the B‐type na-
triuretic peptide, which is typically recommended for the
diagnosis. Rudnicki et al. (2020) analyzed 209 urine
proteome samples from patients of immunoglobulin A
(IgA) nephropathy (IgAN) with CZE‐MS to discover ur-
inary biomarkers for predicting rapid disease progression
in IgAN. A total of 237 urine peptides were identified as
potential biomarkers and were used for predicting IgAN
progression, producing an obvious added value for pre-
diction compared to the typical clinical parameters.
These studies indicated that CZE‐MS could be a valuable
tool for discovering biomarkers for disease diagnostics
and progression prediction.

3.1.4 | Phosphoproteomics

Protein phosphorylation is one key PTMs in cells and
involves many cellular processes such as cellular signal-
ing and differentiation. Phosphoproteomics aims to de-
lineate all the protein phosphorylation sites in cells
across various biological conditions. Multidimensional
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LC‐MS/MS has identified over 50,000 phosphopeptides
from a single human cancer cell line (Sharma et al., 2014)
and single‐shot RPLC‐MS/MS has quantified over 20,000
phosphopeptides in 15min (Bekker‐Jensen et al., 2020).
However, the approached phosphoproteome coverage is
still much lower than that predicted in the human pro-
teome (50,000 vs. half a million). Alternative phospho-
proteomics approaches to LC‐MS/MS will be vital for
improving the phosphorylation coverage.

CZE‐MS/MS has been evaluated for large‐scale phos-
phoproteomics in the literature and it enabled the identifi-
cation of over 2000 phosphopeptides fromMCF‐10A cell line
in one run (Ludwig et al., 2015). CZE‐MS/MS outperformed
RPLC‐MS/MS to analyze mass‐limited phosphoproteome
samples regarding the number of identified phosphopep-
tides, and the two methods showed good complementarity
for phosphopeptide IDs. More recently, Zhang, Hebert et al.
(2019) documented the identification of 4400 phosphopep-
tides from an enriched phosphopeptide sample of mouse
brain using single‐shot CZE‐MS/MS on an Orbitrap Fusion
Lumos mass spectrometer with the consumption of only
220 ng peptides (Figure 7). The data suggested the high
sensitivity of CZE‐MS/MS for large‐scale phosphopro-
teomics. To boost the phosphoproteome coverage from CZE‐
MS/MS, our group coupled online strong cation exchange
(SCX)‐RPLC fractionation to CZE‐MS/MS for phosphopro-
teomics of HCT116 cell line, resulting in the identification of
over 11,000 phosphopeptides (Chen et al., 2019). We ob-
served that phosphopeptides migrated obviously slower than
the corresponding unphosphopeptides in our experimental
condition due to the charge reduction from phosphorylation.
We also showed that µef of singly phosphorylated peptides
were predicted with high accuracy (R2 ~ 0.99), which could
be valuable for validating the phosphopeptide IDs. Our large‐
scale phosphoproteomics study further demonstrated the
good complementarity of CZE‐MS/MS and LC‐MS/MS for
phosphoproteomics in terms of phosphopeptide IDs and
phosphosite motifs.

3.1.5 | Large‐scale quantitative BUP

CZE‐MS/MS has been applied to large‐scale quantitative
BUP using a stable isotopic labeling approach in 2015 (Faserl
et al., 2015). More recently, Yan et al. (2020) coupled CZE‐
MS/MS with dimethyl labeling for quantitative BUP of E. coli
samples, revealing minimal deuterium isotope effects in
protein quantitation. Due to the maturity of CZE‐MS/MS
technique, it has been coupled with stable isotopic labeling
or label‐free approach for quantitative proteomics applica-
tions in single‐cell analysis and disease‐related biomarker
discovery as discussed in Sections 3.1.1 and 3.1.3. There are
another two papers related to the topic in 2019 and 2020.

Nanomaterial (NM) protein corona is used to describe
the proteins adsorbed on the NMs when they contact bio-
logical or environmental fluids. The study of protein corona
is important for a better understanding of NM uptake as well
as impacts on cells and organisms. Faserl et al. (2019) suc-
cessfully used the CESI technique‐based CZE‐MS/MS for
comprehensive and quantitative characterization of protein
corona of different nanomaterials. The CESI‐MS showed a
high degree of reproducibility and had higher throughput
than RPLC‐MS, indicating the value of CZE‐MS/MS for NM
protein corona analysis.

Spermatogonial stem cells have a group of un-
differentiated spermatogonia during spermatogenesis, and
the group of stem cells can be induced for differentiation by
retinoic acid (RA). Recently, our group performed large‐scale
quantitative BUP of undifferentiated spermatogonia and RA‐
induced differentiating cells through collaborating with Dr.
Yuan Wang at Michigan State University to understand the
potential molecular mechanisms of the process (Chen,
Zhang et al., 2020). We employed nanoRPLC‐CZE‐MS/MS
and TMT6plex chemistry in the study. Nearly 5000 proteins
were quantified, and about 500 proteins showed a statisti-
cally significant difference in abundance between the un-
differentiated and differentiated spermatogonia. We observed
that some key enzymes in glycolysis (e.g., HK2, ALDOA,
PGK1, PKM, and LDHA) were downregulated in differ-
entiating spermatogonia, consistent with the RNA‐seq data.

FIGURE 7 Base peak electropherogram of an enriched
phosphopeptide sample from a mouse brain digest analyzed by
CZE‐MS/MS on an orbitrap fusion lumos tribrid mass
spectrometer. A 1‐meter‐long LPA‐coated capillary (50 µm i.d.) and
the electrokinetically pumped sheath flow CE‐MS interface were
used. About 220 ng of enriched phosphopeptides were loaded for
the analysis. Reproduced from Zhang, Hebert et al. (2019) with
permission from American Chemical Society, copyright (2019).
CZE, capillary zone electrophoresis; i.d., inner diameter; MS/MS,
tandem mass spectrometry [Color figure can be viewed at
wileyonlinelibrary.com]
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The data documented the power of CZE‐MS/MS for deep
quantitative proteomics.

3.1.6 | Peptidomics

CZE‐MS/MS has been frequently used for peptidomic stu-
dies for disease‐related biomarker discovery, as shown in
Section 3.1.3. Besides that, it has also been broadly used for
the characterization of peptides in basic research (DeLaney
& Li, 2019; Delvaux et al., 2020, 2021; Lamp et al., 2020; Liu
et al., 2020; Lombard‐Banek, Yu et al., 2019; Ozawa
et al., 2020; Piestansky et al., 2020).

Delvaux et al. (2020) employed CZE‐ESI‐MS for the
characterization of cysteine connectivity of disulfide bonds
on synthetic and biologically relevant peptides via combi-
nations with ion mobility‐MS and theoretical calculations.
The data showed that CZE‐MS was able to achieve well
separations of disulfide isomers of each peptide studied,
suggesting CZE‐MS as a useful tool for studying cysteine
connectivity of disulfide bonds on peptides. Lamp et al.
(2020) documented CZE‐ESI‐MS analysis of basic peptides,
that is, Histatin‐5, via the electro‐kinetically pumped sheath
flow CE‐MS interface. Histatin‐5 (Hst‐5) is a human salivary
peptide, and it has antibacterial and antifungal activities. It is
a very basic peptide, making the analysis of this peptide and
its degradation products using typical LC‐MS challenging.
CZE‐ESI‐MS achieved reproducible and quantitative mea-
surements of Hst‐5 with low carryover. CZE‐MS enabled
efficient separations of Hst‐5 and its degradation products,
which allowed a kinetic study of Hst‐5 degradation by the
Sap9 protease.

CZE has also been coupled to matrix‐assisted laser
desorption/ionization (MALDI)‐MS for peptidomics.
DeLaney and Li (2019) coupled CZE to MALDI‐MS
imaging (MSI) for comprehensive characterization of
neuropeptides in brains and sinus glands (SG) of Cer-
atophyllus borealis crabs. The analytes in tissue extracts
were separated by CZE, followed by continuous deposi-
tion onto a MALDI plate for MSI. The CZE‐MSI method
detected more than 200 neuropeptides in one run from
the brain and SG samples and showed high com-
plementarity to the typical LC‐ESI‐MS method regarding
the detected neuropeptides. The data indicated that CZE‐
MS could be a valuable analytical tool for comprehensive
peptidomics.

3.2 | Top‐down proteomics

CE‐MS has been well recognized as an emerging tool for
top‐down MS characterization of complex proteomes and
biopharmaceuticals. CZE‐MS has been mainly used for

these applications, and cIEF‐MS is gradually attracting
attention.

3.2.1 | TDP of complex proteomes

The published papers during 2019–2021 on this topic
focus on advancing CE‐MS‐based TDP regarding sensi-
tivity and proteome coverage, predicting µef of proteo-
forms, or improving proteoform characterization via
employing various gas‐phase fragmentation methods.

Boosting sensitivity and proteome coverage
Our group developed a highly sensitive CZE‐MS/MSmethod
for large‐scale TDP of mass‐limited samples in 2019, which
enabled the identification of hundreds to thousands of pro-
teoforms from complex proteome samples via consumption
of tens to hundreds of nanograms of proteins (Lubeckyj
et al., 2019). The method employed a 1.5‐m‐long LPA coated
capillary, dynamic pH junction sample stacking method, the
electro‐kinetically pumped sheath flow CE‐MS interface, and
an Q‐Exactive HF mass spectrometer. We quantitatively
compared relative abundance of thousands of proteoforms
between zebrafish brain cerebellum (Cb) and optic tectum
(Teo) regions via consuming hundreds of nanograms of
proteins per CZE‐MS/MS run, revealing drastic differences
in proteoform abundance between the two brain regions.
The data highlighted the potency of CZE‐MS/MS for TDP of
mass‐limited samples. We also compared the CZE‐MS and
nanoRPLC‐MS regarding sensitivity for proteoform detec-
tion. We concluded that CZE‐MS produced comparable S/N
of proteoforms to nanoRPLC‐MS with 10‐times lower sam-
ple consumption (McCool & Sun, 2019). More recently, we
also showed that CZE‐MS/MS produced comparable num-
bers of proteoform IDs to nanoRPLC‐MS/MS for a histone
sample with more than 30‐fold less sample consumption
(Chen et al., 2021). The studies demonstrate the better sen-
sitivity of CZE‐MS/MS for TDP compared to the widely used
nanoRPLC‐MS/MS, which also agrees with one previous
work (Han, Wang, Aslanian, Fonslow et al., 2014). Ad-
ditionally, coupling optimized membrane ultrafiltration‐
based sample preparation to dynamic pH junction‐based
CZE‐MS/MS was demonstrated to be a simple and efficient
TDP workflow for different complex proteome samples
(Yang et al., 2020).

Besides CZE‐MS/MS, automated and online cIEF‐MS/
MS using the “sandwich” injection approach has also been
employed for large‐scale TDP of complex proteomes in 2020
(Xu et al., 2020). Coupling SEC to cIEF‐MS/MS identified
nearly 2000 proteoforms from the E. coli proteome and
quantified thousands of proteoforms between zebrafish male
and female brains, revealing sex‐dependent proteoform
profiles in brains. Interestingly, a significantly higher
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abundance of several proteolytic proteoforms of pro‐
opiomelanocortin and prodynorphin in male zebrafish
brains were observed, and they could be endogenous hor-
mone proteoforms. The work represents the first large‐scale
TDP study using cIEF‐MS/MS and the first example of
studying sexual dimorphism of the brain using TDP.

Predicting electrophoretic mobility of proteoforms
Because CZE separation of proteoforms is simply based on
their charge‐to‐size ratios, it should be relatively easy to
predict their µef, which could be useful for further validating
the confidence of identified proteoforms from the database
search. In 2020, our group showed that the µef of proteo-
forms without PTMs from an E. coli sample was predicted
accurately (R2 = 0.98) with a simple semiempirical model
containing two parameters (Q, charge; M: mass) based on
previous peptide works (Figure 8; Chen, Lubeckyj
et al., 2020). Q was easily obtained by counting the basic
amino acid residues (K, R, and H) and N‐terminus of one
proteoform; Mwas determined by the MSmeasurement. For
proteoforms with single phosphorylation and/or N‐terminal
acetylation, by simply decreasing the Q by 1 charge unit for
one PTM or 2 for both PTMs, the predicted and experimental
µef of proteoforms with these PTMs had a good linear cor-
relation (R2 = 0.92). The µef prediction model with simple
modifications also showed good performance for histone
proteoforms without PTMs, producing a linear correlation
between predicted and experimental µef of those proteoforms
(R2 = 0.98) (Chen et al., 2021). More studies about predicting
µef of proteoforms with various PTMs, especially histone

proteoforms, will be useful for understanding how PTMs
influence µef of proteoforms and employing the predicted µef
to evaluate the confidence of proteoform IDs.

Employing various gas‐phase fragmentation methods
Higher‐energy collisional dissociation (HCD) is the most
widely used approach for fragmentation of proteoforms
in TDP. However, it has preferred cleavage sites, leading
to challenges for the extensive backbone cleavages of
proteoforms using HCD. During the last 2 years, several
other gas‐phase fragmentation methods, for example,
electron‐capture collision‐induced dissociation (ECciD),
activated ion‐electron transfer dissociation (AI‐ETD),
ultraviolet photodissociation (UVPD), and a combina-
tion of ETD and HCD (EThcD), were implemented in the
CZE‐MS/MS‐based TDP workflow to achieve more ex-
tensive proteoform fragmentation.

In 2019, our group coupled UVPD (213 nm) and AI‐ETD
to CZE‐MS/MS for large‐scale TDP of zebrafish brain and E.
coli samples, respectively (McCool, Chen, et al., 2019;
McCool, Lodge, et al., 2019). CZE‐UVPD identified 600
proteoforms and 369 proteins from a zebrafish brain sample
with the assistance of SEC fractionation and achieved a 75%
backbone cleavage coverage for parvalbumin‐7, a 12‐kDa
protein (McCool, Chen et al., 2019). CZE‐AI‐ETD produced
a higher quality of MS/MS spectra than CZE‐HCD and CZE‐
ETD regarding the number of sequence‐informative frag-
ment ions (McCool, Lodge et al., 2019). SEC‐CZE‐AI‐ETD
yielded over 3000 proteoform IDs from E. coli cells, re-
presenting the largest TDP data set using the AI‐ETD
method at that time. Very recently, our group developed a
novel CZE‐MS/MS method via ECciD for intact protein se-
paration and extensive gas‐phase fragmentation using an
Agilent quadrupole‐time‐of‐flight (Q‐TOF) mass spectro-
meter (Shen, Xu et al., 2021). The protein positive ions were
first cleaved by ECD and further activated/fragmented by
CID. The system achieved baseline and reproducible se-
parations of a standard protein mixture and gained about
90% or higher backbone cleavage coverages for lower than
20 kDa proteins (e.g., myoglobin). The results showed the
high potential of the CZE‐ECciD system for advancing TDP
regarding the separation and fragmentation of proteoforms.
However, more studies need to be done about improving the
CZE‐ECciD for large proteoforms (>30 kDa).

Gomes et al. (2020) applied CZE‐MS/MS via the CESI
technique with EThcD and UVPD (213 nm) for large‐scale
TDP of bovine seminal plasma. CZE‐MS/MS identified 417
proteoforms from the sample. Combination of CZE‐MS/MS
and nanoRPLC‐MS/MS data from triplicate measurements
led to the identification of over 1400 proteoforms (EThcD)
and over 2000 proteoforms (213 nm UVPD). The average
backbone cleavage coverages of proteoforms from EThcD
were higher than that from UVPD (213 nm) (28% vs. 23%).

FIGURE 8 Linear correlation between predicted
electrophoretic mobility (μef) and experimental μef of proteoforms
without PTMs from Escherichia coli cells identified by CZE‐MS/MS.
The μef prediction is based on the equation labeled in the figure and
the predicted μef relates to the charge (Q) and mass (M) of each
proteoform. Reproduced from Chen, Lubeckyj et al. (2020) with
permission from American Chemical Society, copyright (2020).
CZE, capillary zone electrophoresis; MS/MS, tandem mass
spectrometry [Color figure can be viewed at
wileyonlinelibrary.com]
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3.2.2 | Analysis of biopharmaceuticals

CZE‐MS and cIEF‐MS have been deployed for achieving
comprehensive characterization of antibodies and other
therapeutic proteins regarding charge variants and
PTMs. We highlight some of the most recent advances in
this topic here.

Capillary zone electrophoresis‐mass spectrometry
Giorgetti et al. (2020) documented the delineation of seven
mAbs using CESI technique‐based CZE‐MS and MS/MS at
the intact protein and peptide levels. The CZE‐MS system
allowed the analysis of mAb charge variants and PTMs (i.e.,
N‐glycosylation, K‐clip, oxidations or deamidations) within
12min. In another study, Füssl et al. (2020) employed the
ZipChip‐based microfluidic CE‐MS system for the analysis of
Cetuximab proteoforms. The platform achieved baseline se-
parations of eight different charge variants and detected over
200 cetuximab proteoforms within 14min. Deyanova et al.
(2021) also developed a CZE‐MS method based on the Zip-
Chip technique for fast and efficient characterization of a
highly glycosylated fusion protein, resulting in baseline se-
parations of 12 peaks corresponding to different proteoforms
in 6min (Figure 9). These studies demonstrate the power of
CZE‐MS for high‐throughput and comprehensive char-
acterization of therapeutic proteins.

Besides the analysis of mAbs, CZE‐MS has also been
employed for the characterization of bispecific antibodies
(BsAbs). Gstöttner et al. (2020) showed that CZE‐MS using
the CESI technique allowed the detailed analysis of free light
chains, homo‐dimers, heterodimers, and incomplete assem-
blies of BsAbs. With the assistance of hinge region cleavages
using enzymes and disulfide‐bond reduction, the system

separated six different subunits of the BsAbs. More recently,
the authors further successfully applied the CZE‐MS system
to monitor exchange efficiency and stability of in‐house
produced BsAbs (Gstöttner et al., 2021).

Capillary isoelectric focusing‐mass spectrometry
cIEF‐UV is widely used for monitoring qualities of ther-
apeutic proteins (e.g., mAbs) in industry. Coupling cIEF to
MS is a promising approach for informative and compre-
hensive measurements of therapeutic proteins. Dai et al.
(2018) developed an automated cIEF‐MS method using the
“sandwich” injection method based on the electro-
kinetically pumped sheath flow interface for efficient se-
parations and characterization of charge variants of various
mAbs. The separation results agreed well with that from
cIEF‐UV analysis. Dai and Zhang (2018) further applied the
automated cIEF‐MS method to delineate complex mAb
charge variants (i.e., cetuximab) in a middle‐up way, re-
sulting in the identification of at least eight different charge
variants of cetuximab. Wang et al. documented TDP char-
acterization of mAb charge variants using an automated
cIEF‐MS system based on the flow through microvial in-
terface (Wang et al., 2018; Wang & Chen, 2019). Four
charge variants with 0.05–0.2 pI differences and 13 glyco-
forms were resolved by consuming only 30 ng of infliximab.
Microchip‐based cIEF‐MS platforms have also been devel-
oped for mAb charge variants. Mack et al. (2019) developed
an automated microchip‐based cIEF‐MS system for real‐
time optical monitoring of focusing and mobilization pro-
cess of cIEF as well as resolving mAb charge variants with
high resolution and high throughput (15min each assay).
Besides a direct coupling of cIEF and MS, cIEF was also
coupled to CZE‐MS through a nanoliter valve for the

FIGURE 9 CE‐MS electropherograms of a fusion protein analyzed by the ZipChip technique with commercially available separation
buffer (A), and the optimized separation buffer containing 10% 2‐propanol and 0.2% acetic acid (pH 3.2) (B). Reproduced from Deyanova
et al. (2021) with permission from John Wiley and Sons, copyright (2021). CE‐MS, capillary electrophoresis‐mass spectrometry [Color figure
can be viewed at wileyonlinelibrary.com]
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characterization of mAb charge variants (Montealegre &
Neusüß, 2018). These studies clearly showed the power
of automated cIEF‐MS for the delineation of ther-
apeutic mAbs.

3.2.3 | Characterization of disease‐related
protein biomarkers

Detailed and comprehensive analyses of disease‐related
protein biomarkers are essential for achieving better
disease diagnostics and drug development. CE‐MS has
been proven as a valuable tool for this purpose due to its
high resolution and high sensitivity for proteoform se-
paration and detection.

Nyssen et al. (2019) developed an efficient and sensitive
CZE‐MS method based on the CESI technique for the
characterization of parathyroid hormone (PTH), which is a
common clinical marker. By using the EKS sample stacking
method, the intact and two truncated proteoforms of PTH
were resolved and detected at concentrations in a pg/ml
range. Pero‐Gascon, Benavente, Minic et al. (2020) devel-
oped an aptamer‐based SPME‐CZE‐MS system via the
co‐axial sheath flow CE‐MS interface for highly selective
concentration and highly sensitive characterization of
α‐synuclein in blood. Proteoforms of α‐synuclein have been
recognized as potential biomarkers for diagnosis and pro-
gression monitoring of Parkinson's disease (PD). The opti-
mized SPME‐CZE‐MS system achieved reproducible and
quantitative measurements of the α‐synuclein with a LOD
of 0.2 μg/ml, which was 100 times lower than the CZE‐MS
without SPME. The method was also successfully employed
for analyses of human samples (healthy controls vs. PD
patients). In another study, Stolz et al. (2020) developed a
powerful CZE‐MS and MS/MS method for comprehensive
characterization of hemoglobin (Hb) proteoforms due to
sequence variants and PTMs extracted from dried blood spot
(DBS) samples. Hb proteforoms serve as important bio-
markers for diseases, for example, diabetes and kidney dis-
eases. The CZE‐MS method enabled the separations of
positional isomers of glycated α‐ and β‐chains of Hb. Very
importantly, the quantification data of glycated Hb from
CZE‐MS agreed well with the data from a clinical routine
method. The CZE‐MS method was also applied to analyze
the dog and cat DBS samples with the discovery of a po-
tentially new sequence variant of the β‐chain of Hb in dog
(T38→A). Tie et al. (2020) utilized an automated cIEF‐MS
system for characterizing urinary albumin proteoforms from
the membranous nephropathy (MN) patients. Distinct pat-
terns of urinary albumin proteoforms from the primary and
secondary MN samples were observed, indicating the po-
tential of the cIEF‐MS technique for separating different
subtypes of MN.

Compared to the traditionally used RPLC‐MS, CZE‐
MS and cIEF‐MS have advantages for the top‐down MS
characterization of protein biomarkers, including better
separation resolution (CZE and cIEF) and higher detec-
tion sensitivity (CZE) for proteoforms, especially large
proteoforms. The accurate prediction of proteoforms' µef
in CZE and the ability of cIEF for accurately determining
the pIs of proteoforms are also useful for delineation of
protein biomarkers. However, the low sample loading
capacity of CZE‐MS and the significant signal suppres-
sion of proteoforms due to carrier ampholyte in cIEF‐MS
may limit their performance for the analysis of low‐
concentration protein biomarker samples and for dis-
covering new and low‐abundance protein biomarkers
from complex samples.

3.3 | Native proteomics

Native proteomics directly characterizes protein com-
plexes and requires high‐resolution liquid‐phase separa-
tion, highly sensitive MS measurement, and extensive
gas‐phase fragmentation of protein complexes. CZE‐MS
and MS/MS is a promising tool for native proteomics
because CZE can separate protein complexes with high
efficiency under native conditions.

The first two reports about CZE‐MS/MS for native
proteomics were published in 2017 and 2018 (Belov
et al., 2017; Shen et al., 2018). Belov et al. (2017) docu-
mented CZE‐MS for highly sensitive characterization of
standard protein complexes and a ribosomal isolate from
E. coli using the CESI technique. Our group developed a
native SEC‐CZE‐MS/MS platform for native proteomics
of endogenous protein complexes in E. coli cells via the
electrokinetically pumped sheath flow CE‐MS interface
(Shen et al., 2018). The platform identified 23 protein
complexes in discovery mode.

During the last 2 years, eight papers on this topic
were published and those papers focus on the char-
acterization of mAbs, protein structure and conforma-
tion, and large protein complexes.

3.3.1 | Analysis of mAbs under native
conditions

Le‐Minh et al. (2019) built a native CZE‐MS method via the
co‐axial sheath flow CE‐MS interface for the characterization
of conformational heterogeneity and self‐association of In-
fliximab. The method detected not only the native and un-
folded monomers of Infliximab but also the dimers. Very
recently, our group developed a native cIEF‐assisted CZE‐
MS system via a new carbohydrate‐based neutral coating, the
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electrokinetically pumped sheathflow interface, and a
Q‐TOF mass spectrometer (Shen, Liang et al., 2021). The
system detected various glyco‐proteoforms and homodimer
of SigmaMAb. It also resolved eight glyco‐proteoforms of
NIST mAb at the monomer and dimer levels with a sub-
microliter sample loading volume. The native cIEF‐assisted
CZE‐MS method showed its capability for high‐resolution
separation of proteins and protein complexes under native
conditions with large sample loading capacity, which is
crucial for native proteomics of complex proteomes.

3.3.2 | Characterization of protein structure
and conformation

Two research groups built novel analytical tools based on
native CZE or CZE‐MS for studying protein structure and
conformation (He et al., 2019; Shen, Zhao et al., 2019;
Zhang, Wu et al., 2019). The Xu group developed a novel
mobility capillary electrophoresis (MCE) method for ana-
lysis of protein stereo‐structures and charges in solution
environments through Taylor dispersion and ion mobility
analyses (Zhang, Wu et al., 2019). The MCE method was
successfully applied to the analysis of charge states and
structures of five standard proteins under close to native
conditions. They further coupled the MCE method to MS
for analyzing structures of proteins and peptides in the li-
quid phase (He et al., 2019). The Chen group coupled hy-
drogen/deuterium exchange (HDX) with native CZE‐MS
and MS/MS for differential HDX and online separation of
different conformers of proteins, followed by MS/MS of
each conformer for the identification of protein segments,
which underwent conformational changes (Shen, Zhao
et al., 2019). Using the method for analysis of myoglobin
with and without the heme group, the segments of myo-
globin undergoing conformational changes in the absence
of the heme group were determined.

3.3.3 | Analysis of large protein complexes

The native CZE‐MS/MS studies had focused on relatively
small protein complexes. Recently, Mehaffey et al. (2020)
demonstrated the efficient separation and characterization
of E. coli ribosomal protein complexes (30S, 850 kDa; 50S:
1450 kDa) using native CZE‐MS and UVPD (Figure 10).
The commercialized electrokinetically pumped sheath
flow CE‐MS interface (EMASS‐II) was used for coupling
CE to a Q Exactive UHMR mass spectrometer. By em-
ploying front‐end collisional activation for disassembling
protein complexes into subunits for fragmentation using
HCD or UVPD, the system identified 84 proteoforms of 48
known E. coli ribosomal proteins. In another study, Jooß

et al. (2021) developed a procedure for using native CZE‐
MS and MS/MS via the CESI technique for the char-
acterization of standard protein complexes with masses up
to 800 kDa on three high‐end Orbitrap mass spectrometers
(Q Exactive‐EMR, Q Exactive UHMR, and Orbitrap
Eclipse). By adding energies at the front‐end of the mass
spectrometer for monomer ejection from a large protein
complex (i.e., GroEL, ∼800 kDa), five unique proteoforms
of the monomer were resolved and four of them were fully
characterized by MS/MS. The two studies clearly demon-
strate the potency of native CZE‐MS and MS/MS for
comprehensive characterization of 1 million Da level
protein complexes.

4 | CONCLUSIONS AND
PERSPECTIVES

CE‐MS and MS/MS has shown potency for advancing
multilevel proteomics for comprehensive characterization of
proteins at the peptide, proteoform, and protein complex
levels because of drastic technical progress of CE‐MS re-
garding the CE‐MS interface, capillary coating, online sam-
ple preconcentration methods, automated operation, and
mass spectrometer. CE‐MS and MS/MS has been applied in
many biological research areas, including but not limited to
proteomics of mass‐limited samples (i.e., single cells), char-
acterization of biopharmaceuticals (i.e., mAbs), biomarker

FIGURE 10 Schematic of the native CZE‐MS and MS/MS
using UVPD for delineation of E. coli 70S ribosomes. The
commercialized electrokinetically pumped sheath flow CE‐MS
interface (EMASS‐II) was used for coupling native CZE to MS.
Reproduced from Mehaffey et al. (2020) with permission from
American Chemical Society, copyright (2020). CZE‐MS, capillary
zone electrophoresis‐mass spectrometry; MS/MS, tandem mass
spectrometry; UVPD, ultraviolet photodissociation [Color figure
can be viewed at wileyonlinelibrary.com]
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discovery, and large‐scale qualitative and quantitative mul-
tilevel proteomics of complex samples.

CE‐MS and MS/MS will be extremely useful for at least
five research areas. First, CZE‐MS/MS will play an essential
role in multiomics (i.e., proteomics and metabolomics)
analysis of mass‐limited biological samples (i.e., single cells)
demonstrated by recent publications (Huang et al., 2020;
Lombard‐Banek et al., 2021). However, the widespread
adoption of CZE‐MS/MS for this study area needs some
technical improvements to allow the system to fully use the
limited samples for measurements and to further boost the
peak capacity for separations. Coupling nanoRPLC fractio-
nation to CZE‐MS/MS with highly efficient sample con-
centration techniques (e.g., dynamic pH junction and SPME)
could be a good solution for large‐scale multiomics analyses
of mass‐limited samples as demonstrated by recent studies
(Yang et al., 2018, 2019). Second, coupling LC to CE‐MS/MS
will be a useful analytical tool for qualitative and quantitative
TDP of complex proteomes with deep proteome coverage for
pursuing a better understanding of fundamental biological
processes and molecular mechanisms of disease develop-
ment. Several recent studies have proven this point (Gomes
et al., 2020; Lubeckyj et al., 2019; McCool et al., 2018; Xu
et al., 2020). However, the proteome‐scale characterization of
large proteoforms (>30 kDa) in complex samples is still
challenging for TDP. The current MS‐based TDP methods
need drastic improvement regarding detection sensitivity and
backbone cleavage coverage of those large proteoforms.
Coupling extensive LC‐based intact proteoform fractionation
to CZE‐MS‐based BUP and top‐down MS analyses of each
LC fractions has been proven as an alternative and effective
approach for bettering the delineation of large proteoforms
(Zhu et al., 2003). Third, CE‐MS, especially cIEF‐MS, for
characterization of biopharmaceuticals (i.e., mAbs and
ADCs) will still be a hot research area as demonstrated by
most recent studies (Füssl et al., 2020; Dai et al., 2018; Mack
et al., 2019; Wang & Chen, 2019). Fourth, CZE‐MS and MS/
MS for native proteomics will be a new research frontier in
proteomics for global and detailed characterization of en-
dogenous protein complexes in cells. However, some tech-
nical improvement, for example, boosting sample loading
capacity of native CZE‐MS and improving capillary coatings
for native CZE separations of large protein complexes, need
to be achieved before the routine use of CZE‐MS/MS for
native proteomics. Lastly, CZE‐MS and MS/MS could be a
powerful tool for global multiomics and multilevel pro-
teomics of cells because CZE can achieve highly efficient
separations of metabolites, nucleotides, glycans, peptides,
proteoforms, and protein complexes. The unique feature of
CZE allows CZE‐MS/MS for comprehensive analyses of
biomolecules in cells at different levels, which is crucial for
an accurate understanding of cellular processes.
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