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Abstract

This review article brings a comprehensive survey of developments and appli-
cations of high-performance capillary and microchip electromigration methods
(zone electrophoresis in a free solution or in sieving media, isotachophore-
sis, isoelectric focusing, affinity electrophoresis, electrokinetic chromatography,
and electrochromatography) for analysis, micropreparation, and physicochemi-
cal characterization of peptides in the period from 2021 up to ca. the middle of
2023. Progress in the study of electromigration properties of peptides and various
aspects of their analysis, such as sample preparation, adsorption suppression,
electroosmotic flow regulation, and detection, are presented. New developments
in the particular capillary electromigration methods are demonstrated, and
several types of their applications are reported. They cover qualitative and quan-
titative analysis of synthetic or isolated peptides and determination of peptides
in complex biomatrices, peptide profiling of biofluids and tissues, and moni-
toring of chemical and enzymatic reactions and physicochemical changes of
peptides. They include also amino acid and sequence analysis of peptides, pep-
tide mapping of proteins, separation of stereoisomers of peptides, and their chiral
analyses. In addition, micropreparative separations and physicochemical char-
acterization of peptides and their interactions with other (bio)molecules by the
above CE methods are described.
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1 | INTRODUCTION

Abbreviations: 2-HP-3-CD, 2-hydroxypropyl-g-cyclodextrin; AA,

amino acid; AcOH, acetic acid; BFS, bare fused silica; CITP, capillary
ITP; FA, formic acid; FESI, field-enhanced sample injection; FS, fused
silica; GSH, glutathione; HPC, hydroxypropylcellulose; IMS, ion
mobility spectrometry; IPA, isopropyl alcohol; LPA, linear
polyacrylamide; LVSS, large-volume sample stacking; MCE, microchip
CE; MeOH, methanol; MP, mobile phase; OT-CEC, open tubular CEC;
PDADMAC, poly(diallyldimethylammonium chloride); PEI,
polyethylenimine; SL, sheath liquid; SMIL, successive multiple ionic

Peptides are extremely numerous and extremely impor-
tant class of biologically active compounds. They function
as hormones, neurotransmitters, enzyme substrates and
inhibitors, coenzymes, immunomodulators, ligands,
receptors, ionophores, antibiotics, and toxins and play a
crucial role in control and regulation of many vital pro-
cesses in all living organisms. Moreover, many peptides

polymer layer; SP, stationary phase; t-ITP, transient-ITP.
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or peptidomimetics are used as pharmaceuticals, or
they are being developed as potential new drugs [1, 2]
or peptide-based nanostructures for the drug delivery
[3]. Antimicrobial peptides are considered potential new
antibiotics [2, 4]. Peptides serve as biomarkers [5, 6], and
the combinatorial peptide libraries are employed for find-
ing and identification of low-abundant proteins [7]. In the
current era of proteomics, peptidomics, and metabolomics,
the importance of peptides is even increasing as these
methodologies are the major analytical tools for a study of
molecular bases of biological processes, as well as for find-
ing new biomarkers and drug targets [8, 9]. These—omics
technologies—are complex and interconnected disci-
plines. Both, structure and function of proteins are often
investigated by means of their enzymatically generated
peptide fragments in the so called bottom-up or shotgun
proteomics [10-13]. These peptide fragments are separated
and identified by liquid chromatography (LC), 2-DE, and
capillary electrophoresis (CE) methods online coupled
with MS detection [14-19]. In addition, for understanding
of both normal and pathological physiological processes, a
comprehensive investigation of the whole peptide set (pep-
tidome) of a cell, organ, or organism at given time frame
is necessary as well. This is the subject of peptidomics—a
bridge between proteomics and metabolomics [12, 13,
20-23]. Thus, separation, analysis, isolation, purifica-
tion, and characterization of peptides by capillary and
microchip electromigration methods are one of the most
challenging tasks of these high-performance separation
techniques.

This review brings a comprehensive overview of the
recent advances and developments in CE and microchip
CE (MCE) methods for analysis and characterization of
peptides in the period 2021-ca. mid-2023. It is an update
of the previous reviews on CE and capillary electrochro-
matography (CEC) of peptides [24-35] covering the years
1997-2020. All modes of capillary and microchip elec-
tromigration techniques, both the electrophoretic modes
(zone electrophoresis [ZE], isotachophoresis (ITP), iso-
electric focusing (IEF), and affinity capillary electrophore-
sis (ACE)) and the mixed electrokinetic and electrochro-
matographic modes (EKC and CEC), have been intensively
developed also in the last two and half years. Applica-
tions of these methods for analysis, micropreparation, and
characterization of peptides have been further extended.
Nowadays, CE methods are appreciated as recognized
counterparts and/or complements of the (U)HPLC (high-
performance liquid chromatography) and nano-LC meth-
ods [36-38] that are mostly used for both analytical and
preparative peptide separations. In addition to the last
one of the previous reviews [35], the recent developments
of CE and CEC separations of peptides were reported in
some other reviews [39-42], books [43, 44], and book chap-

ters [22, 45, 46] dealing with particular aspects of CE and
MCE of peptides, proteins, amino acids (AAs), and other
biomolecules.

2 | ELECTROMIGRATION PROPERTIES
OF PEPTIDES AND SELECTION OF
SEPARATION CONDITIONS

In the period covered by this review (2021-mid-2023), the
electromigration properties and behavior of polypeptides
and proteins were investigated using machine learning
models for the prediction of their migration times in CE
and retention times in RP-HPLC [47]. For the migra-
tion time prediction in the CE-ESI-MS experiments per-
formed in strongly acidic background electrolyte (BGE)
(5% (833 mM) acetic acid [AcOH], pH 2.3), the semiem-
pirical model of the structure-electrophoretic mobility
relationship of proteoforms presented in the previous
study [48] was employed. In this model, the size of the pro-
tein or polypeptide is derived from its relative molecular
mass, M,, and the charge, Z, at above pH 2.3 is estimated
from the number of basic AA residues (His, Lys, Arg)
and N-terminal amino groups in the protein/polypeptide
molecule, that is, neglecting the partial dissociation of
carboxylic groups of Asp and Glu AA residues. The
electrophoretic mobility of a protein/polypeptide, u, is
calculated using the following equation:

In(1 +0.35% Z)
m=a MO +b )
r

where a and b are two parameters related to the capil-
lary zone electrop (CZE) settings [48]. From the calcu-
lated mobilities, the predicted migration time, ¢, in the
CZE-MS experiment can be estimated by the following
equation:

L2
fm = Vi=Vyu 2

where L is the total capillary length, V; is the separation
voltage, and V; is the electrospray voltage.

This model is in a qualitative agreement with the earlier
published semiempirical relationships between the elec-
trophoretic mobility, i, and the charge/mass ratio (Z/M,%)
or In(1 + kZ)/M,* with different exponents o of M, [49,
50] that are used for estimation effective mobilities of
peptides. Comparison of the predicted and experimental
migration times has shown that a gated recurrent unit
based model and a fully connected neural network model
provided a high accuracy with the Pearson correlation
coefficient of linearity close to 1 for proteoform migration
time prediction, see Figure 1.
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FIGURE 1 Correlation between predicted and experimental migration time (MT) for the capillary zone electrophoresis (CZE)-ONE data

set (obtained from CZE/mass spectrometry (MS)/MS data of 1230 proteoforms of 430 proteins) with prefractionation into a training set of 878
proteoforms from 329 proteins and a test set of 352 proteoforms from 141 proteins. (A) MTs predicted by the semiempirical model are plotted

against experimental MT in six CZE-MS runs. The Pearson correlation coefficient of linearity between predicted and experimental MTs is

0.956 on average for single runs and 0.792 for the combined data of the six runs. (B) The Pearson correlation coefficient of linearity between

predicted and experimental MTs is improved to 0.954 for the combined data after calibration. Source: Reprinted with permission from

Ref. [47].

The database of free solution effective electrophoretic
mobilities of 276 metabolites, including peptides created
in the CE-MS using 5% v/v formic acid (FA) as BGE in
the mixed hydro-organic solvent (95/5 v/v water/methanol
(MeOH) [51], can be advantageously utilized for the
identification of peptides and other metabolites in the
peptidomic and metabolomic studies [52].

In the selection of experimental conditions for CE and
CEC separations of peptides, first, the general rules for
BGE selection should be followed [53, 54]. Second, the
electromigration and other specific properties of peptides,
that is, their experimentally determined or theoretically
calculated/estimated effective charge, effective mobility,
isoelectric point (pI), hydrodynamic radius, relative molec-
ular mass (M, ), steric structure, solubility, amphiphilicity,
amphotericity, binding capabilities, chemical and ther-
mal stability, and biological activity, should be taken into
account. Various aspects of the BGE selection for CE
separations of peptides and proteins, such as type and con-
centration of the BGE constituents with respect to their
buffering capacity, mobility and electric conductivity, pH
and ionic strength, additives suppressing sorption of pep-
tides/proteins to the inner surface of the most often used
fused silica (FS) capillaries or influencing separation selec-
tivity, electroosmotic flow (EOF) direction and velocity,
organic modifiers, temperature, Joule’s heating effects, and
compatibility with MS detection, were in detail described
and discussed in the recent review [55]. Useful informa-
tion and practical advices for CZE, capillary ITP (CITP),
and CIEF analysis of peptides and proteins can be found

also in the earlier published but still valid review and tuto-
rial articles [56-59]. Important parameter for the selection
of cationic or anionic mode of CZE or CITP separations of
peptides is their p I, which can be found in some databases
[60], or it can be calculated [61] or experimentally deter-
mined by IEF in capillary or slab gel format [59, 62] or by
CZE at pH below and above pI [59, 63, 64].

If the effective mobilities of peptides are known or can
be at least approximately estimated, then for optimiza-
tion of their CZE and ITP separations, the freely available
powerful simulation programs, PeakMaster and Simul, can
be employed [65]. Another new open-source software for
simulation of CITP and other CE separation process of var-
ious analytes, including peptides both in a classical plateau
mode and in a more sensitive peak mode, was developed
by the Santiago group [66]. The basic parameters for the
selection of CZE experimental conditions, such as viscos-
ity and electric conductivity of the BGE, injected and total
capillary volumes, proportion and amount of injected sam-
ple, electric field strength, and others, can be obtained by
the CE calculator freely available as an android application
[67].

3 | SAMPLE PREPARATION
3.1 |

Preconcentration and preseparation

Preconcentration and/or preseparation (sample cleanup)
procedures have to be used for peptide analyses by CE
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methods if the sensitivity of the detectors used and/or the
separation power of these techniques are not sufficient for
the direct analysis of peptides present at low concentra-
tions and/or in complex (bio)matrices, such as body fluids,
cell lysates, tissue extracts, foods, and feeds.

Sample preparation methods applied for preseparation
and preconcentration of (bio)molecules including pep-
tides in complex (bio)matrices before their CE analyses
are in detail presented and evaluated in general recent
reviews [68-75]. In these reviews, the applications of var-
ious procedures for sample cleanup are described, such as
(ultra)filtration, solid-phase extraction (SPE), solid-phase
microextraction (SPME), liquid-liquid extraction, and sev-
eral electro-driven techniques. Several papers describe
the particular sample cleanup techniques for the analysis
of peptides and proteins, such as comparison of sam-
ple preparation workflows for proteomics [76], selective
offline extraction of low-molecular-mass thiol peptides
and AAs in saliva by Tween 20-capped gold nanoparti-
cles [77] or offline selective enrichment of endogenous
phosphopeptides with an exclusion of proteins (albu-
min) before their CE-MS analysis in tryptic digestion of
beta-casein using TiO,-modified fibrous core-shell meso-
porous material [78]. SPE based on C-18 microcartridge
online coupled with CE-MS and CLC-MS substantially
(1000-times) increased the sensitivity of analysis of three
opioid peptide biomarkers (dynorphin A, endomorphin
1, and methionine-enkephalin) in human blood plasma
samples as compared to direct CE-MS and CLC-MS anal-
ysis [79]. The achieved limit of detections (LODs) were
in the range 0.1-0.5 ng/mL. Glycopeptide enrichment in
the digest of human plasma and brain (glyco)proteins
using polyethylenimine (PEI)-benzoboroxole beads was
improved 10 times when the amine-free buffers were
employed [80].

Online phenylboronic acid-based extraction of gly-
copeptides from enzymatic digestion of recombinant
human erythropoietin increased sensitivity of CE-MS
analysis of this protein 500-times as compared to direct
CE-MS and 200-times as compared to TiO,-SPE-CE-
MS [81]. A double-frit particle packed FS microcartridge
(250/360 um id/od x 7 mm) filled with phenylboronic acid
sorbent was inserted at 75 mm from the injection end of the
CE separation capillary.

For a particular peptide or specific peptide groups
(e.g., phospho-, glyco-, or lipopeptides) preconcentration,
the binding affinities of aptamers, lectins, or molec-
ularly imprinted polymers [82, 83] or immunoaffinity
capabilities of polyclonal and monoclonal antibodies [84]
are advantageously utilized. Current status of proteolytic
peptide capturing in bottom-up protein analysis and in
peptide biomarker analysis using antibodies and molecu-
larly imprinted polymers is comprehensively and critically

evaluated in a recent review [85]. Online coupling of
aptamer affinity SPE and immobilized enzyme microreac-
tor (IMER) (see Figure 2) with CE-MS analysis of gener-
ated peptide fragments (shown in Figure 3) enabled highly
sensitive targeted bottom-up analysis of a-synuclein—
protein biomarker of various neurodegenerative disorders,
including Parkinson’s disease [86]. The online captur-
ing and preconcentration of a-synuclein, its digestion by
trypsin, and CE separation and MS identification of pep-
tides and the whole protein were accomplished within
35 min with an LOD of 20 ng/mL of the digested protein
with 66.7% coverage of peptide identification. This LOD
was 125 that is 10 times lower than LOD of the IMER-
CE-MS and aptamer affinity SPE-CE-MS alone systems,
respectively.

In addition to the above chromatographic sorption-
based principles, peptide preseparation and preconcen-
tration can be achieved by online electro-driven sample-
stacking techniques [87, 88]. They include field amplified
sample stacking [89], field-enhanced or field-amplified
sample injection (FESI or FASI) [77, 90, 91], large volume
sample stacking (LVSS) [92-94], transient-ITP (t-ITP) [95,
96], electrokinetic supercharging [97, 98], and dynamic pH
barrage junction and pH-mediated stacking [93, 99].

Online LVSS was used for peptide preconcentration in
CE-UV analysis of four growth hormone-releasing hor-
mone analogs (misused by athletes) in urine samples,
including two diastereomeric peptides differing by the chi-
rality of only one AA [94]. LVSS with polarity switching
with injected sample volume equal to 80% of the total
capillary volume was found to be more suitable than the
sweeping concentration and allowed the LODs in the range
of 75-200 ng/mL. In combination with C-18 SPE, the LOD
was decreased 640 times as compared to the direct CZE.

Combination of the selective extraction of glutathione
(GSH) and other low-molecular-mass thiols (cysteine,
homocysteine, and methionine) by Tween-20-capped gold
nanoparticles from saliva and FASI resulted in 1119-
2067 values of sample enrichment factor and allowed the
detection of unlabeled GSH and thiols with LODs in 0.15-
1.5 ng/mL range [77]. The CE analyses were conducted in
bare fused silica (BFS) capillary (25/360 um id/od, 90/85 cm
total/effective length), in BGE composed of 4.0 M AcOH,
pH 2.08, at 24 kV separation voltage.

Combination of LVSS and dynamic pH junction made
possible ultrasensitive CE separation of brain angiotensin
peptides and their identification by online coupled
nanoflow ESI trapped ion mobility time-of-flight (tim-
STOF) tandem high-resolution MS detection [93]. The
LODs reached sub-picomolar or ca. 30 zmol (ca. 18 000
copies) level.

LVSS with EOF pump was employed for pep-
tide preconcentration in CE and MCE analysis of
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FIGURE 2 (A)Schematic representation and (B) picture under the optical microscope (100X magnified) of a modified capillary with a

microcartridge and a microreactor for amino acid (AA)-solid-phase extraction (SPE)-immobilized enzyme microreactor (IMER)-CE-MS.

Source: Reprinted with permission from Ref. [86].
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Extracted ion electropherograms (EIEs) of the tryptic peptides for the analysis by immobilized enzyme microreactor

(IMER)-capillary electrophoresis (CE)-mass spectrometry (MS) of a 10-ug/mL recombinant a-syn standard. Conditions: microreactor

(7 mm X 0.250 mm id), separation capillary (720 mm X 0.075 mm id) and BGE (50 mM acetic acid (AcOH), 50 mM formic acid (FA), and

pH = 2.3). Sample dissolved in digestion buffer (10 mM NH,HCO;, pH 7.9), injected at 50 mbar for 15 s between two plugs of digestion buffer
(50 mbar, 8 s), and pushed with BGE at 5 mbar for 600 s. Digestion/separation temperature 37°C and separation voltage +25 kV. Data
extraction at the m/z of the most abundant molecular ions and a window of +20 ppm. Source: Reprinted with permission from Ref. [86].

monophosphopeptide from bovine beta-casein in dynami-
cally poly(vinyl pyrrolidone)-coated FS capillary or PDMS
microchannel using 20 mM N-(2-hydroxyethyl)piperazine-
2'-(2-ethanesulfonic acid) (HEPES) buffer, pH 9.0, as BGE
[92]. High-sensitive enrichment factors of 260 and 240
were achieved in CE and MCE, respectively.

In-capillary FESI and multisegment injection were
applied for high-sensitivity and high-throughput quantita-
tive CE-MS analysis of therapeutic decapeptide triptorelin
in complex pharmaceutical and biological matrices (com-
mercial drug Diphereline and blood plasma, respectively),
using 1 M FA, pH 1.88 as BGE. The FESI improved the LOD

50-fold to the 5-25 ng/mL level, and the multiple injection
increased the throughput 3-fold.

A special approach, a combination of voltage polar-
ity switching and the transient-ITP, t-ITP, the t-ITP,
was applied for the analysis of five synthetic peptides
(angiotensins I and II, bradykinin, neurotensin, and kemp-
tide) diluted to 2 uM concentration [95]. Principle of this
preconcentration procedure is shown in Figure 4A. Using
25 mM ammonium acetate, pH 4, as leading electrolyte
(LE), and 100 mM AcOH as BGE, the method signifi-
cantly enhanced sample loading capacity, up to 100% of
the capillary volume, increased the peak capacity by 48%,
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FIGURE 4

(A) Preconcentration procedure of polarity switching t-capillary ITP (CITP). (B) Single polarity switching t-CITP separation

of five model peptides (kemptide, bradykinin, angiotensin I, neurotensin, and angiotensin II) at 100% sample loading with different polarity
switching times at (A) 0 min, (B) 6 min, (C) 10 min, and (D) 16 min. Source: Reprinted with permission from Ref. [95].

and improved the resolution of separated peptides, see
Figure 4B.

Combination of liquid-liquid extraction and
pH-mediated stacking was employed for CE-UV determi-
nation of reduced and oxidized forms of GSH in human
blood samples [99]. The LOQ for oxidized GSH enhanced
8-times to the 1.5 uM level. The pH-mediated stacking was
implemented by injecting the sample zone between the
zones of acidic citric acid and alkaline solution of sodium
citrate. The BGE was composed of 75 mM sodium citrate,
200 pM cetyltrimethylammonium bromide (CTAB), 5 uM
sodium dodecyl sulfate (SDS), pH 5.8.

Deep eutectic solvents (mixtures of coumarin, camphor,
DL-menthol, and thymol) were used as a supported liquid
membrane components in electromembrane extraction of
16 model oligopeptides containing 3-13 AA residues from
100 pL of 50 mM phosphate buffer, pH 3.0, into 100 uL of
acceptor solution of 50 mM phosphoric acid, pH 1.8 [100].

In SPE and SPME, the new advanced nanoporous mate-
rials [101], metal-organic frameworks (MOFs) [102, 103],
and metal nanoparticles [77, 104] are becoming useful
sorbents for capture of endogenous peptides, especially
glycopeptides and phosphopeptides, from complex bio-
logical samples. The classical offline formats of SPE are
nowadays being substituted by their online modes. Both
preconcentration and preseparation are achieved by a
solid-phase packed or monolithic sorbents at the inlet
capillary end.

3.2 | Derivatization

Sample preparation procedures include also the deriva-
tization of analytes of interest, in this context, pep-
tides. Derivatization is carried out to increase the sen-
sitivity of their detection and/or selectivity of their
separation. Peptides are mostly derivatized with flu-
orescent labels, such as FP-488-maleinimide, Alexa-
488-maleinimide, CF-488-maleinimide, or Fluorescein-X5-
maleinimide, to become detectable with (laser induced)
fluorescence (LIF) detectors. The sensitivity of these detec-
tors is about two to three orders higher than that of the
most frequently used UV-vis spectrophotometric absorp-
tion detectors that do not need any derivatization for
peptides.

Derivatization can be carried out both off- and online.
In the latter mode, the derivatizing reagents can be com-
ponents of the BGE or the sample solution, or they can
be introduced into the capillary in their independent
zone in front of or behind the sample zone [105]. The
in-capillary simultaneous fluorescent and chiral derivati-
zation of AAS by ortho-phthalaldehyde (fluorescent label)
and N-acetyl-L-cysteine (chiral agent) [106] can be applied
also for peptides. For other examples of precapillary, in-
line, in-capillary, and postcapillary derivatization for the
separation and detection of variable compounds, includ-
ing peptides in CE with UV, LIF, and MS detection, see the
recent review [107].
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4 | SUPPRESSION OF PEPTIDE
ADSORPTION AND REGULATION OF EOF

Adsorption of peptides, especially the hydrophobic and
basic polypeptides to the inner surface of the FS cap-
illaries and glass, quartz, or plastic chips, is one of the
most serious issues in their analyses by CE methods.
It significantly decreases separation efficiency and may
cause partial or even complete loss of analyzed peptides.
Thus, the suppression of adsorption is still a challenge in
CE of peptides, proteins, and other analytes. In addition
to the separations in strongly acidic or alkaline BGEs
or in BGEs with high ionic strength, various types of
capillary and microchip coatings are used. Dynamic
coatings are based on reversible (dynamic) adsorption
of small ions, for example, oligopamines and detergents
(SDS, CTAB), or hydrophilic polymers and cellulose
derivatives, for example, methylcellulose [108] or hydrox-
ypropylcellulose (HPC) [109] added to the BGE to the
capillary or microchannel wall. Static (permanent) mod-
ifications of the inner capillary or microchannel wall
include covalent bonding or strong physical adsorption
of the synthetic and natural polymers, for example,
neutral linear polyacrylamide (LPA) [110], PVA [111],
poly(vinyl pyrrolidone) [92], poly(ethylene oxide) (PEO)
[112], PEG [113], fluorocarbon [114], and linear and
grafted cellulose derivatives [108, 114], or charged poly-
mers, such as cationic polybrene (PB) (hexadimethrine
bromide) [94], poly(diallyldimethylammonium chlo-
ride) (PDADMAC) [113], and PEI [115], and anionic
poly(sodium styrene sulfonate) (PSS) [113], and dextran
sulfate [110].

Latest developments in column coatings for CE of pro-
teins applicable also for peptides are presented in the
recent reviews on CE analysis of proteins [41, 116]. Among
them, the electrostatically bound bilayer or multilayered
coatings, the so-called successive multiple ionic polymer
layer (SMIL), relatively efficiently suppress peptide and
protein sorption to capillary wall. However, their per-
formance is strongly dependent on the character of the
polyelectrolyte partners building the SMIL coating. Var-
ious aspects of their application, such as polyelectrolyte
nature, molar mass and concentration, effect of the con-
struction buffer pH and ionic strength, and the influence
of the BGE pH and composition on the coating perfor-
mance are in detail discussed in the recent review [117].
The effect of these parameters on the separation efficiency,
EOF mobility, and coating stability and a survey of their
recent applications are presented there. The influence of
the chemical nature and the PEGylation of the last poly-
cationic layer in the SMIL coatings on the previously
adsorbed four layers PDADMAC/PSS, on the separation

performance of a model mixture of four proteins (myo-
globin, trypsin inhibitor, ribonuclease A, and lysozyme)
was studied by the Cottet group [113]. They found out that
from the five polycationic electrolytes tested, PDADMAC,
PEI, e-poly(L-lysine), a-poly(L-lysine), and poly(allylamine
hydrochloride) (PAH), the last one was the best candidate
to test the impact of PEGylation in this fifth layer. The
SMIL coating with PEGylated last PAH layer generated the
resulting electroneutral layer and allowed high-efficient
separation of the above proteins. These findings can be
applied also for CE of peptides.

In addition to the suppression of peptide sorption to
the inner capillary wall, dynamic and/or permanent cap-
illary coatings are utilized also for regulation of the EOF
velocity/mobility. It is also a relevant parameter in CE
separations because the EOF velocity/mobility also influ-
ences the separation efficiency, resolution, and speed of
CE analyses of peptides and other analytes. New types
of covalent cationic [118] and anionic [119] coatings of
FS capillary are based on various ratio of charged and
noncharged monomers covalently attached to silanized
inner wall of the FS capillary. They allow us to tune EOF
velocity/mobility for the optimization of CE separations of
biomolecules including peptides.

For measurement of the EOF velocity and mobility,
the selection of a suitable electroneutral marker is impor-
tant. Martinkova et al. [120] have shown that some of the
commonly used EOF markers may interact with the BGE
constituents and may move with nonzero electrophoretic
mobility. This may result in the biased EOF mobility of the
markers and effective mobility of the analytes.

Peptide and protein sorption to the inner surface of
the separation compartment and EOF regulation represent
serious problems also in their CE analyses in glass/quartz
or plastic microchips. Dynamic coating of cyclic olefin
copolymer microchannels with SDS and static coating of
these microchannels with BSA suppressed the sorption of
dipeptide carnosine (8-Ala-L-His) and enabled the deter-
mination of this peptide and niacinamide in cosmetic
preparations [121].

5 | SEPARATIONS BY THE
PARTICULAR CE METHODS
5.1 | Zone electrophoresis

CZE is the simplest, universal, and major method in the
family of CE techniques. It is used for the separation
and analysis of majority of analytes, including peptides.

ZE mode is usually considered when CE is presented
without any further specification of the separation mode
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[122]. In this section, only a few special topics of peptide
CZE separations are presented; the majority of the CZE
analyses are described in Section 7.

CZE is mostly performed in a free solution, where the
separation of analytes is governed by a ratio of their effec-
tive charge and the hydrodynamic radius. Alternatively,
CZE method is carried out in sieving media of classical
agarose and cross-linked polyacrylamide gels or in physical
gels of entangled networks of high-molecular mass linear
polymers, for example, LPA and various polysaccharides.
This mode of CZE is called capillary gel electrophoresis
(CGE) or capillary sieving electrophoresis (CSE), and the
analytes are separated according to hydrodynamic size of
their molecules.

The separation principles, basic methodologies, a short
historical overview, advantages, and disadvantages of CGE
as well as its new developments and applications for sepa-
ration of proteins and polypeptides in biopharmaceutical,
biomedical, and agricultural areas were summarized in
three recent reviews [123-125] and one book [126]. Native
CGE and SDS-CGE in agarose gels with UV and ESI-MS
detection were applied for the separation of peptides and
proteins [127]. Three peptides (bradykinin, angiotensin II,
and neurotensin) and three proteins (lysozyme, ribonu-
clease A, and insulin) were separated by native CGE in
BFS capillary (80/70 cm total/effective length, 50/365 um
id/od) using 4% FA, 20% glycerol, pH 2.3, as BGE, and 0.6%
agarose as sieving medium, see Figure 5. SDS-CGE under
denaturizing conditions was employed for the character-
ization of a commercially available protein size standard
(10 kDa) in the same capillary using 428 mM Tris-acetate-
EDTA, 10% v/v glycerol, 0.1% SDS, pH 7.0, as BGE, and
0.6% agarose as sieving gel.

A special mode of CZE is a nonaqueous capillary
electrophoresis. Recently, it was applied for the determi-
nation of emerging mycotoxins [128] and therapeutic mAb
[129]. A mixed hydro-organic solvent water/acetonitrile
(can) (95/5 v/v) was employed to suppress the sorption of
polypeptides (parathyroid hormone and its fragments) to
the BFS capillary in their CZE analyses in a strongly acidic
BGE composed of 1 M FA [130].

Throughput of CZE analyses can be significantly
increased when samples are injected in the sequential
injection mode [131]. In this mode, the analyses of the
preceding sample are stopped after some time (separation
voltage is switched off), a new sample is introduced, sep-
aration voltage is switched on, and the analysis of both
samples continues. Using this approach, the analyses of
peptide in pharmaceutical and biological matrices [91]
and qualitative analysis of biopharmaceuticals [132] were
increased three times, and the time analysis of one sample
was reduced the same time.

5.2 | Isotachophoresis

CITP is in fact displacement electrophoresis in discontinu-
ous electrolyte system composed of LE possessing leading
ion with highest effective mobility of the system and ter-
minating electrolyte (TE) containing terminating ion with
lowest effective mobility of the system. The analytes (intro-
duced between LE and TE) are separated according to
their effective mobilities, that is, charge to size ratio, in
sharply separated neighboring zones between LE and TE.
With the exception of bidirection CITP, conventional CITP
operates in cationic or anionic mode, and within one exper-
iment, it can separate either cations or anions. Recently,
a wide review on the history and developments of ITP in
the last 50 years was published [96], and the latest develop-
ments and applications of CITP were reported in another
review [133]. Theory and microfluidic applications of ITP
are presented in another comprehensive review [134].

In the case of peptide analysis, CITP is more often
used for the determination of low molecular mass pep-
tide counterions, see, for example, Refs. [135, 136], than
for the analysis of peptides themselves. However, ITP or
transient-ITP, t-ITP, is frequently used for the precon-
centration of peptides at low concentration level prior to
their separation and analysis by CZE method. As shown
above in Section 3.1 and Figure 3, combination of t-ITP
and voltage polarity switching made possible full capillary
sample loading for CZE separation of five synthetic pep-
tides (angiotensins I and II, bradykinin, neurotensin, and
kemptide) at low 2 uM concentration [95].

5.3 | Isoelectric focusing

CIEF is a high-performance CE method separating pep-
tides, proteins, and other amphoteric compounds accord-
ing to charge distribution in their molecules manifested
by differences in their pls. It is appreciated especially
for its high-resolution power and concentrating and self-
sharpening effect. Recent progresses and applications of
IEF of peptides and proteins both in the capillary and
slab and narrow tube gel formats are presented and dis-
cussed in the recent review [137]. It describes the principles
and various modes and platforms of IEF as well as usual
issues in IEF and its application to separation and anal-
ysis of amphoteric compounds, especially proteins and
peptides. Valuable information on CIEF of peptides and
proteins, such as choice of carrier ampholytes, pI markers,
sample application, and mobilization, avoiding of isoelec-
tric precipitation, immobilized pH gradient, and selected
applications can be found also in the earlier published
tutorial and review articles [59, 62].
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FIGURE 5 Native agarose capillary gel electrophoresis (CGE) analysis of peptide (panels A and C) and protein (panels B and D)

mixtures with UV and mass spectrometry (MS) detection, respectively. Panels E and F show the resulting MS spectra. Peaks: (A and C) (1)
bradykinin, (2) angiotensin II, and (3) neurotensin; (B and D) (1) lysozyme, (2) RNase A, and (3) insulin. Experimental conditions: CGE-UV:
bare fused silica (BFS) capillary (50/365 um id/od, 80/70 cm total/effective length); BGE 4% formic acid (FA), 0.6% agarose, 20% v/v glycerol,
PH 2.3; electric field strength 285 V/cm; 214 nm detection wavelength. CGE-ESI-MS: capillary, BGEs at inlet vial and electric field strength
are the same as in CGE-UV, BGE at outlet vial is 4% FA, 20% methanol (MeOH); spray voltage +2300 V; cone voltage: +30 V; desolvation gas
flow rate 600 L/h; desolvation temperature 250°C; MS2 (full scan) between 400 and 1000 m/z for peptides and between 700 and 2000 m/z for

proteins. Source: Reprinted with permission from Ref. [127].

No mobilization is necessary if the imaged CIEF (iCIEF)
is performed with a whole-column imaging detection sys-
tem, that is, with a continuous detection over a wide
central section of the capillary with the diode array spec-
trophotometric or LIF detector. Latest innovation of the
iCIEF and its applications for the analysis of proteins and
peptides in pharmaceutical area are presented in Ref. [138].

iCIEF was applied for the fingerprinting of the trimeric
receptor binding domain (RBD) of the spike (S) protein
of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) that is together with the whole S-protein
the target to be genetically engineered for designing the
wide-spectrum vaccine against SARS-CoV-2 [108]. The
separation was performed in the fluorocarbon-coated FS
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capillary column (50 mm long X 100/200 um id/od) using
200 uL of the aqueous amphoteric electrolyte system com-
posed of mixed ampholytes of 3 uL of Pharmalytes pH
3-10 and 1 uL of Pharmalytes pH 8-10.5, 10 uL of 200 mM
iminodiacetic acid, 5 uL of arginine and 35 pL of 1% methyl-
cellulose, and 1 uL of two pI markers (4.05 and 10.45). The
finger prints of three batches of trimeric RBD were very
well reproducible with relative standard deviations (RSDs)
of pIs of the RBD and pI markers less than 1%. The method
can be applied for the identification, batch-to-batch eval-
uation and stability study of the trimeric SARS-CoV-2
RBD protein, as a part of a quality control strategy dur-
ing the vaccine production. The iCIEF is suitable for the
separation of charge variants of intact proteins and their
polypeptide fragments, especially in the development of
therapeutic mAbs and other protein drugs [139-141].

For the successful CIEF analysis of peptides and pro-
teins, especially for determination of their pIs, it is impor-
tant to know the course of the pH gradient inside the
capillary. Because it is impossible to directly measure pH
inside the capillary, the profile of the pH gradient is evalu-
ated indirectly using the compounds with well-defined pIs.
Their role in CIEF is discussed, and the available pI mark-
ers and their synthesis are described in the recent review
[142].

Due to its concentrating and self-sharpening focusing
effects, CIEF is often used as the first concentrating step in
two- or multidimensional separations of complex mixtures
of peptides and proteins [143].

5.4 | Affinity electrophoresis

ACEis acombined method advantageously utilizing a high
selectivity of (bio)affinity recognition/interactions and a
high separation efficiency of CE. As shown in a recent
reviews [144-147], ACE is widely used for investigations
of non-covalent interactions of (bio)molecules including
peptides under mild free-solution conditions and for the
determination of the binding (association, stability, com-
plexation, formation) constant or dissociation constant of
the (bio)molecular complexes. For data processing and sta-
tistical evaluation of ACE experiments, the freely available
program CEval is recommended [148].

ACE includes several modes that can be divided into
two classes. The first one is based on the separation of the
interacting species and the determination of their equi-
librium concentration. It includes the Hummel-Dreyer
method [149], the vacancy peak method [150], frontal anal-
ysis [151, 152], continuous frontal analysis [153, 154], and
kinetic CE [155, 156]. The second class is based on the
detection of a specific physicochemical property of the

complexed analyte or its binding partner; mostly, it is the
change of analyte effective mobility in the mobility shift
ACE [151, 157] or change of migration times of analyte in
the partial-filling ACE [158-161]. All these methods utilize
the differences in the migration velocities of the interacting
species. Both theoretical and experimental aspects of these
methods and their applications for estimation of the bind-
ing constants have been outlined in the above reviews [144,
145, 147, 154]. The particular recent applications of ACE
to quantitative characterizations of biopeptide interactions
are presented in Section 7.3.

A special ACE methodology, indirect ACE, known also
as competitive ACE was developed for the detection of pro-
tein binders at mM level, the determination of dissociation
constants of peptide and protein complexes, and the char-
acterization of the compound fragment binding site [162].
In this configuration, the effect of the analyte is evalu-
ated indirectly via measuring the displacement of a known
binder called reporter. Taking into account the multiple
equilibrium theory, the dissociation constants of formed
complexes on the micro- to millimolar range were deter-
mined. The method was applied on coagulation factor XIIa
by evaluating pairs of fragments with expected behavior
using pentamidine as a suitable reporter molecule.

5.5 | Electrokinetic chromatography

The recent developments and applications of capillary
EKC including those dealing with EKC of peptides are
described in general reviews on CE methods [39] and in a
special review on chiral EKC presenting application of this
method for enantioseparations of chiral compounds [163].
MEKC, the most popular mode of EKC with micellar pseu-
dostationary phase constituted by ionogenic detergents,
typically anionic SDS or cationic CTAB or zwitterionic
CHAPS, is especially suitable for the separation of elec-
troneutral peptides, that is, peptides with blocked or
derivatized N- and C-terminus and other ionogenic groups
of peptides, and/or for the separation of peptides with iden-
tical or very close charge/mass ratios but differing in their
hydrophobicity. One of the latter examples is the MEKC
separation of two octadecapeptides containing proline or
hydroxyproline residue in the middle of peptide chain,
thus differing only by one oxygen atom, using 65 mM SDS
as micellar pseudostationary phase and 65 mM sodium
tetraborate with 10% ACN organic modifier, apparent pH
9.4, as liquid phase [164]. The separation was performed in
BFS capillary (50 um id X 60/53 cm total/effective length)
at 25 kV separation voltage, 25°C, and 216 nm detection
wavelength, with LOD and LOQ equal to 10 um and 50 pM,
respectively.
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5.6 | Electrochromatography

CEC is a hybrid separation technique combining the elec-
trokinetic and chromatographic separation principles. It
benefits both from the high selectivity of variable sta-
tionary phases (SPs) developed for peptide separations by
(U)HPLC methods and from the flat (piston-like) profile
and low dispersion of electroosmotically driven flow of
mobile phase (MP). Despite these advantages, CEC in gen-
eral, as well as in separation and analysis of peptides, did
not fulfill the hopes connected with this method in the
1990s and in the beginning of this century. CEC did not
become a widely used method for peptide separations and
analyses.

CEC is implemented in three modes using packed,
monolithic, and open tubular (OT) columns. Among them,
in the last 2 and half years, mostly the OT-CEC (open tubu-
lar CEC) mode was preferred for further developments
as the synthetic coating compounds and materials can
be relatively easily physically or chemically immobilized
on the inner FS capillary wall without the back-pressure
problems or bubble generation in the sorbent or in the
frits. Numerous coating materials, including organic and
inorganic compounds and materials, hybrid materials, and
polymeric materials, have been introduced as physically
adsorbed of chemically covalently attached SPs as shown
in a previous review [165]. The recent reviews mostly deal
with new SPs, such as microporous materials (MOFs [166,
167], covalent organic frameworks [168], porous organic
cages, and knitted aromatic polymers, nanoparticles, poly-
mer materials, silica-based materials, and biomaterials).
Various aspects of chiral CEC, including its history, advan-
tages, bottlenecks, developments, and applications in the
last 30 years and the future perspectives, were in detail dis-
cussed in a comprehensive review by Fanali and Chankve-
tadze [169]. They concluded that CEC still has a potential
for further methodological development and widening of
the application field.

CEC separations of peptides and proteins have been
performed in different separation modes, with reverse-
phase [170], affinity [166], mixed-mode [171], and cationic
or anionic ion-exchange SPs [172], in classical FS capillary
columns as well as in microfluidic chips.

Advances in stimuli-responsive polymeric coatings in
OT-CEC were summarized in the recent review [173]. It
describes latest developments in the design and synthe-
sis of smart stimuli-responsive polymers, the procedures
for their preparation on the inner capillary walls, strate-
gies for improving the separation efficiency, and examples
of its real-world application including separation and
analysis of peptides. Compared with common polymeric
coatings, the stimuli-responsive polymeric coatings exhibit
stimuli-dependent reversible phase-changing properties in

response to the external stimuli, such as light irradia-
tion, temperature, electric or magnetic field, pH, organic
solvent, and ionic strength, and they can (i) protect the
capillary inner wall from the unfavorable/undesirable
interactions, (ii) tune the coating properties, and (iii)
adjust the EOF velocity by changing the coating structures,
hydrophobicities, hydrophilicities, and surface charge.
Thus, they have a potential to become powerful SPs for sep-
aration of both low-molecular-mass organic compounds as
well as small and large biomolecules including peptides
and proteins.

Two-layered copolymer coating containing vinylbenzyl
chloride and divinylbenzene as components of the first
thin monolithic monolayer and the second layer formed
by reversible addition-fragmentation transfer polymeriza-
tion of N-phenylacrylamide and styrene-generated SP that
provided high separation efficiency in OT-CEC separa-
tion of complex mixture of synthetic peptides and peptide
fragments of tryptic digestion of cytochrome ¢ [174]. The
separation efficiency of 2.4 million of theoretical places
was achieved in separation of six synthetic peptides (Trp-
Gly, Thr-Tyr-Ser, Pro-Phe-Gly-Lys, angiotensin 1, iso-
tocin, and bradykinin), and more than 18 tryptic peptides
of cytochrome ¢ were resolved with this SP. The separa-
tion was performed in 50 um id capillary (120/111.2 cm
total/effective length) using the MP composed of 20 mM
ammonium formate, pH 6.0, and ACN in 40:60 v/v ratio, at
separation voltage of 20 kV, 25°C temperature and 214 nm
detection wavelength. These results show that OT-CEC
still possesses a potential for high-efficient separation of
peptides and proteins.

Mixed mode SP prepared by copolymerization of three
monomers with various polarity and hydrophobicity (N-[2-
(acryloylamino)phenyl]acrylamide, methacrylic acid, and
styrene) was employed for OT-CEC separation of six syn-
thetic oligopeptides (dipeptides—hexapeptides) and tryp-
tic peptide fragments of cytochrome c [171], see Figure 6.
High efficient separation of all synthetic peptides and 27
tryptic peptides with high average theoretical plate num-
ber of 1.5 million per meter and high resolution, enhanced
peak capacity and a wider retention time window, was
achieved in 1 m long FS capillary (50 pm id X 92 cm effec-
tive length) using MP containing 50 mM ammonium for-
mate, pH 6.5, and ACN in 30/70% v/v ratio. The separation
voltage was 30 kV, and capillary was thermostated at 25°C.

OT-CEC column with covalently attached polystyrene
sulfonate as SP was prepared by in situ polymerization
using 4,4’-azobis(4-cyanopentanoyl chloride) as polymer-
ization initiator [172]. It was successfully applied for the
separation of different types of compounds, three pep-
tides, five alkaloids, and five sulfonamides. A new covalent
organic material composed of 4,4’-diaminodibenzo-18-
crown-6-ether and 2,4,6-triformylphloroglucinol was
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FIGURE 6

Records of capillary electrochromatography (CEC) separations of tryptic peptide fragments of cytochrome c on the column

coated with stationary phase in the (C) presence and (X) absence of N-[2-(acryloylamino)phenyl]acrylamide, (B) six commercial peptides
(eluted in order of 1: Trp-Gly, 2: Thr-Tyr-Ser, 3: Pro-Phe-Gly-Lys, 4: Tyr-Ile-Gly-Ser-Arg, 5: Phe-Leu-Glu-Glu-Ile, 6:
Val-Glu-Pro-Ile-Pro-Tyr), and (A) the electroosmotic flow (EOF) marker acetone, using the elution conditions of acetonitrile (ACN)/20 mM
ammonium formate (70/30% v/v, pH 6.5). Sample injection: 10 kV for 7 s; separation voltage 30 kV; current: 10—15 pA. Source: Reprinted with

permission from Ref. [171].

developed and applied as SP in OT-CEC separation
of compounds containing imidazole moiety [170]. The
OT column provided specific selectivity for protonated
imidazole structures and made possible separation of
various other compounds, including three short peptides,
Phe-Gly, Phe-Gly-Gly, and Ala-Trp using MP composed
of 5-10 mM phosphate buffer and 10% of ACN.

Attractive alternatives to the classical CEC columns
packed with particulate materials are the monolithic
SPs prepared in the form of polymeric columns, sil-
ica columns, nanomaterials-based columns, and hybrid
columns [175-177]. Their advantages are simplicity of
their in situ preparation and variety of readily available
chemistries for synthesis of monolithic materials.

The advantage of CEC as compared to MEKC is that the
compositions of its MPs and the immobilized SPs are more
compatible with online coupled ESI MS detection.

5.7 | Multidimensional separations

In spite of high separation efficiency of the particular
CE methods, their resolution power is usually insufficient
for a complete separation of complex mixtures of pep-
tides/proteins in various biomatrices (body fluids, tissue
extracts, cell lysates) and in (multi)enzymatic and chem-
ical digests of large proteins. In these cases, a combination
of two or more complementary separation principles, gen-
erating 2D or multidimensional separation systems, such
as IEF and SDS-PAGE in the classical 2D gel electrophore-

sis (2D-GE) [178, 179] or in the differential or comparative
2D-GE [180] is needed.

The important role of multidimensional separations of
biopeptides, peptide fragments of proteins and proteins
in proteomic, peptidomic, and metabolomic studies was
highlighted in the recent reviews [13, 39, 41]. Two- or
multidimensional peptide separations are based on the
combination of two or more separation methods with
different separation principles, for example, LC and elec-
trophoresis [181, 182]. If these principles are independent,
the methods are classified as “orthogonal,” and the peak
capacity of this 2D separation is approximately equal to
the product of the individual peak capacities of each
dimension [183].

There are many combinations of separation methods
applicable for 2D separations of peptides and proteins,
such as LC-CE, CE-CE, CE-LC, where LC and CE rep-
resent different modes, for their particular combination
see the earlier review [184]. When these 2D systems
are online coupled with a single or tandem MS detec-
tion, these supra-powerful multidimensional separation
systems can resolve and identify hundreds up to few
thousands of peptides/proteins in the above complex
biomatrices.

2D format implemented by online coupling of CIEF with
ESI-MS detection [143] can be considered a current equiv-
alent of the classical 2D-GE separating according to pI
in the first dimension and according to size in the sec-
ond dimension. CIEF-ESI-MS also provides both pI and
M., but the obtained M, values are much more precise
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than those estimated from the second step of the 2D-GE,
SDS-PAGE.

A powerful 2D-CZE-CZE setup composed of two BFS
capillaries connected via customized 8-port valve and cou-
pled with tandem ESI-MS detection was applied for the
separation of charge variants of intact mAb in the first CZE
dimension (in BGE composed of 380 mM e-aminocaproic
acid, 2 mM triethylenetetramine, 0.05% HPC, pH 5.7)
and for separation complex mixture of peptide generated
by online in capillary reduction of mAb with tris(2-
carboxyethyl)phosphine and digestion by pepsin in the
second CZE dimension (in BGE consisted of 200 mM FA)
[185]. Several common modifications as deamidation and
oxidation were detected and localized in four different
mADb molecules.

2D and 3D microfluidic chip electrophoresis system
comprising CIEF in the first dimension and CGE in the
second or ITP/CGE in the second and third dimensions
was applied for the separation of complex mixture of pep-
tides and proteins of the whole bacterial cell lysates [186].
Under the conditions partially specified only for IEF step
(4% carrier ampholytes pI 3-10, 20 mM phosphoric acid
as anolyte, 20 mM ammonium hydroxide as catholyte,
500 V/cm electric field strength in 23 mm long, 150 um
wide microchannel) and using an inverted fluorescence
stereomicroscope equipped CCD camera for the visual-
ization of the separation process, a high-resolution pep-
tide fingerprinting with high peak capacity was obtained
within 1 min.

6 | DETECTION

6.1 | UV-absorption

Thanks to relatively strong absorption of low UV radia-
tion (185-220 nm) by the peptide bond, peptides can be
advantageously detected by the spectrophotometric UV-
absorption detection. This detection still belongs to the
most often used detection schemes in CE analyses of
peptides. Due to the low injected volume of analyzed
samples and the short optical path of the on-column UV
detector, the concentration sensitivity of UV detection is
not too high. The typical LODs of the UV-detectors in
50 pm id capillary are at the micromolar level within
a ca. nanoliter detection cell volume with 10-20 Hz
data acquisition. This sensitivity can be enhanced by the
earlier developed special detection cells with increased
optical path, such as bubble, Z-shaped, or sleeve cells.
For more details on miniaturized UV-vis spectrophoto-
metric detectors in CE, see the earlier review [187] and
in the recent review dealing with the current state of
CE instruments including their detection systems [188].

Increased sensitivity of peptide detection is achieved
at ultralow UV region below 200 nm, for example, at
195 nm in the CZE analysis of antimicrobial dipeptide
B-Ala-Tyr [189].

6.2 | Fluorescence

Classical fluorescence detection with Xenon-Mercury
lamp as a polychromatic light source and especially the
LIF with the particular wavelength light sources belong
to the most sensitive detection modes in separations of
peptides by CE methods. In commercial CE devices with
on-capillary LIF detection, the concentrations of LODs are
usually in low-nM range; in the homemade special LIF
detectors, the concentrations of LODs can be diminished
to subnanomolar level, and the substance amount of LODs
is in the zeptomole range [190].

Different aspects of LIF detection in CE (light sources,
detection elements, optimization of excitation conditions,
stability of the fluorophores, spectral filtering, and flu-
orescent labels) including the possibilities to further
decrease the LODs of on-capillary LIF detectors were
in detail analyzed in the previously published tutorial
[191]. Applications of the standard and advanced fluores-
cence spectroscopy techniques (fluorescence microscopy,
fluorescence recovery after photobleaching, fluorescence
correlation spectroscopy, and fluorescence anisotropy) for
detection as well as for investigation of transport, inter-
facial phenomena, and intermolecular interactions in CE
separations of peptides and other biomolecules are dis-
cussed in recent review [192].

The inconvenience of the LIF detection of peptides is
that they must mostly be derivatized by fluorogenic labels.
The native fluorescence can be utilized only for the detec-
tion of peptides containing aromatic AA residues of Trp,
Tyr, and Phe. However, for their excitation, deep UV-laser
systems, such as Nd:YAG laser operating at 266 nm, or mul-
tiphoton excitation are necessary. With a native 280 nm
light emitting diode as an excitation force and photomul-
tiplier tube as a detector of emitted light, the LOD of
8.3 ng/mL was achieved for CE analysis of mAbs and their
polypeptide light and heavy chains fragments [193]. The
detector designs, performance, and applications of native
fluorescence for the detection of biomolecules, includ-
ing peptides and proteins, can be found in the review by
Couderc et al. [194].

More often, the fluorescence detection of peptides is
based on their precolumn or postcolumn derivatization
with a fluorescent label (see Section 3.2). The disadvantage
of this approach is that due to usual presence of multiple
derivatization sites in peptides and proteins, several deriva-
tives with different mobilities are generated resulting in
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multiple peaks in electropherograms for originally single
peptide or protein species.

6.3 | Mass spectrometry

Being both universal and selective and providing high-
sensitivity and structurally rich information on the ana-
lyzed compounds, MS represents the most powerful detec-
tion mode for CE, LC, and other separation methods.
The recent developments in the area of MS detection
in CE methods have been described in several reviews
dealing with CE-MS in general [195-198] and with its
application to peptide, protein, peptidomic, proteomic,
and metabolomic analyses especially [8, 16, 44, 199-201].
Importance of MS as analytical and structure elucidation
method has significantly increased in the last years due
to its crucial role in the previous omics technologies [44,
199, 202]. Hence, the relevance of MS hyphenation with CE
separations of peptides and proteins is growing as well.

On- and offline coupling of CE methods with ESI-
MS [203] and matrix-assisted laser desorption/ionization
(MALDI)-MS [204] introduced more than two decades ago
[205, 206] has become a breakthrough in the analysis and
characterization of peptides and proteins. Hyphenation of
CE separation with ESI-MS and MALDI-MS detection
made possible not only a high-accuracy determination of
M, of CE separated peptides and proteins but also obtain-
ing structural data on AA sequences [207], the sites of
posttranslational modifications (PTMs), peptide mapping,
and non-covalent interactions of peptides and proteins
with other (bio)molecules. ESI and nanoESI are the most
popular modes for online CE coupling with MS, especially
thanks to their ability to generate multiple charged ions.
It ensures that the ion m/z (mass/charge) ratios of even
large polypeptides and proteins fit within the limited m/z
detection range of most MS detectors.

In the beginning of their development, the CE-ESI-MS
setups utilized for the ionization of the peptides and other
analytes the adapted commercial sheath-flow interfaces
employed for MS coupling with LC methods. However, in
the sheath-flow interfaces, the eluting analytes are diluted
with the sheath liquid (SL) at the exit of the FS capil-
lary. This decreases the sensitivity of the MS detection.
Consequently, in the next years, new types of low-flow
(nanoflow) or sheathless interfaces were developed.

Increased ESI stability and detection sensitivity were
achieved in a new flow-through microvial interface cou-
pling CE with MS detection [115]. It was tested in com-
bination with three commercial MS detectors, and LODs
of five oligopeptides were in the range of 1.9-190 nM.
The analyses were performed in PEI-coated capillary with
reversed EOF in BGE composed 130 mM FA in 50% v/v

water/MeOH mixed solvent at separation and ESI voltages
of —25.5 and +4.5 kV, respectively.

Recently a special, easy, flexible, and robust nanoflow
SL CE-ESI-MS interface “nanoCEasy” has been devel-
oped for CE hyphenation with high-resolution Orbitrap
MS detector [208], see Figure 7. It is based on the previ-
ously introduced two capillary systems [209] and contains
some 3D-printed components. The plug-and-play design
allows introduction of capillaries and an emitter without
any fittings in less than one minute. The transparent poly-
mer components make possible visual observation of the
liquid flow inside the interface. Robust function of the
interface was demonstrated via the variable ESI voltage,
the distance between the separation capillary and emitter
tip, the distance between the emitter and the MS orifice,
and different emitters of the same type. In optimized CE
operational mode, the separation capillary tip was placed
1.8 mm from the emitter tip, and the position of the emit-
ter tip was 3 mm in front of MS orifice. Reliable function
of the interface was verified by CE-ESI-MS separation
and detection of tryptic peptides of BSA using FS capillary
(50 um id x 65-70 cm total length) and BGE composed of
200 mM FA. SL consisting of 50% isopropyl alcohol (IPA)
and 0.5% FA was delivered with 4-8 uL/min flow rate, and
the dry gas flow rate was 3 L/min with a dry gas temper-
ature of 150°C. The separation voltage was +30 kV, the
ESI voltage was 1500-1600 V in positive ion mode, and the
scan range was set to 250-1500 m/z with a target mass of
650 m/z.

Another robust hyphenation of CZE/CGE with ESI-
MS detection was achieved by a closed-circuit coaxial
sheath-flow reactor interface [127]. The post-column reac-
tor placed in front of MS orifice made possible the usage
of non-MS friendly components (SDS) in the BGE without
significant sample ion suppression and supported stable
electrospray. In SDS agarose CGE, the addition of y-CD
to the SL efficiently removed SDS from the sample and
BGE in the flow reaction space by inclusion complexa-
tion and preserved the size-based separations of peptides
and proteins with high separation efficiency. The BGE was
composed of 428 mM Tris-acetate-EDTA buffer, pH 7.0,
10% v/v glycerol, 0.1% SDS, and contained 0.6% agarose.
The SL consisted of 4% FA, 20% MeOH, and 0.8% y-CD.
The electric field strength was 215 V/cm with cathode at
the injection capillary end. Spray voltage with positive ion
detection mode was +2 300 V, cone voltage +30 V, desol-
vation gas flow rate 600 L/h, and desolvation temperatures
of 250°C were the other operational conditions.

CE coupled with ion mobility spectrometry-tandem MS
(IMS-MS/MS) allowed discrete detection of sequence iso-
meric peptides—three peptide isomers of 12 AA residues
with direct and reverse regions of Ala-Val-Pro-Ile motif
[210]. The separation took place in the BFS capillary (90 cm
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Setup of the nanoCEasy interface: (A) schematic view of the interface with attached capillaries and electrodes (not to scale);

(B) image of the nanoCEasy interface mounted to a Bruker quadruple time of flight (QTOF) MS instrument; (c) close-up image of the
3D-printed interface part. Source: Reprinted with permission from Ref. [208].

long X 50 um id) using 10 mM ammonium acetate adjusted
with AcOH to pH 3.45 as BGE and electric field strength of
290 V/cm with normal polarity at 20°C. The SL consisted
of 50% MeOH and 1% FA was injected into the electrospray
at a 1.2 uL/min flow rate. The ESI voltage at positive ion
mode was +4.0 kV, and the capillary tip was heated up to
80°C. The trap collision energy was 40 V in the MS/MS
regime without the IMS, and the transfer collision energy
was 50 V with the IMS involvement. In ion-mobility cell,
the gas flow was 90 mL/min, and the IMS wave velocity
was 650 m/s.

The second soft ionization mode, MALDI, is usually
coupled with CE offline. Its advantage is that it gener-
ates preferentially single charged molecular ions of even
large polypeptides and proteins with M, up to 300 000.
It allows the exact determination of M, with an accu-
racy of + 0.1% and identification of peptides and proteins
isolated by micropreparative CZE, see Section 7.2.

6.4 | Other detection modes

Among the other detection modes, the universal capaci-
tively coupled contactless conductivity detection (C*D) is
relatively frequently used in CE and MCE methods [211].
However, much more for small ions, such as acids, AAs
[212, 213], and other small biomolecules [214, 215] than for
peptides. One of a few examples is application of C*D with
750 kHz excitation frequency and 90 Vpp (peak to peak)
for the CE determination of GSH and other low-molecular-

mass thiols (cysteine, homocysteine, and methionine) in
saliva [77].

Electrochemical, NMR and some other detection modes
are less suitable and hence much less employed for
detection of peptides separated by CE methods than the
above UV-absorption, fluorescence, MS, and C*D detec-
tion schemes. For that reason, only a few recent reviews
and papers are cited here, which are dealing with general
developments and applications of these detectors in sep-
aration methods. They include electrochemical detection
alone [216, 217] or in combination with MS [218], direct
or indirect chemiluminescence [219], and electrochemi-
luminescence [220]. NMR spectroscopy is mostly offline
combined with CE, especially for the structural analysis
of analyte-selector complexes the strength of which was
studied by CE [221-223].

7 | APPLICATIONS

7.1 | Analysis
7.1.1 | Quality control and determination of
purity

Quality control and determination of peptide purity
are necessary in all areas where peptides are isolated,
synthesized, used, or studied. These areas include biolog-
ical, biochemical, biomedical, physiological, and clinical
research, for example, in the investigation and modeling of

95UB017 SUOLILLIOD SAIES1D) 3|l jdde au) Aq pauBA0B 812 S9o1e O 85N JO Sa|NI 0} AIq 1T 8UIIUQ AB|IA UO (SUONIPUOD-pUR-SLIBY WD A 1M Ale.q 1 Bul|UO//:SANLY) SUONIPUOD PUe SWLB | 8U) 89S *[5202/80/2T] UO AiqiTauliuo A8 *IdN HeutH esiun | Aq ZGT00EZ0Z SAiB/200T OT/I0p/LI0Y A8 | A1 1[BUIUO'S [U.N0 BoUS 105 O NA feUe//SUNY WOA) papeo|umoq ‘2-T ‘v20¢ '€89222ST



LMl ELECTROPHORESIS

KASICKA

variable biomolecular interactions, such as hormone-
receptor, drug-receptor, enzyme-substrate, enzyme-
inhibitor, ion-ionophore, and antigen-antibody, and in the
identification of antigenic determinants (epitopes) of pro-
teins. In addition, peptide and peptidomimetic drugs, and
food and feed additives belong to the relevant compounds
also in biotechnology, pharmaceutical, food, and feed
industry [116, 224-226]. Hence, there is a wide need for
qualitative and quantitative analysis of peptides by CE and
other analytical methods. In most of the above applications
of (bio)synthetic or naturally isolated peptides, CE meth-
ods can be used as sensitive control methods providing
fast and accurate qualitative and quantitative information
about purity of peptide preparations. Further, some recent
applications of CE methods to peptide analyses will be pre-
sented, in addition to those shown in the previous sections.

Purity degree control and separation of human insulin
and its six therapeutic analogs were performed CZE-UV
and CZE-ESI-MS methods using three types of FS cap-
illaries: untreated, SMIL coated, and LPA coated, and
three types of acidic, neutral, and alkaline BGEs [110].
For uncoated capillaries, the BGEs were 1 M FA, pH 1.8,
and 50 mM ammonium acetate, pH 7.0 and pH 10.0). For
SMIL and LPA-coated capillaries, BGEs were 0.3 M FA, pH
2.3, and 50 mM FA, pH 2.6. A three layered SMIL coat-
ing was prepared by subsequent capillary flushing with
1 M NaOH for 30 min, 10% m/v PB for 20 min, 10 min
water, 20 min 3% m/v dextran sulfate, 10 min water, 20 min
PB, and 10 min water. The LPA coating was performed
according to the original procedure developed by Hjerten
[227]. The CE separations were performed in the capil-
laries with 50/375 um id/od and 65/58 cm total/effective
length at +25 kV for BFS capillaries, +30 kV for LPA-
coated capillaries, and —30 kV for SMIL-coated capillaries.
UV detection was set at 200 nm. For MS detection, the SL
was IPA/water mixture at 1/1 ratio with 0.1% v/v FA, and
the other parameters were in the following: ESI voltage
at positive ionization mode was 3.5 kV, nebulizer pressure
0.3 bar, dry gas temperature 200°C, and dry gas flow rate
4.0 L min. MS detection was optimized for 600-2500 m/z
mass range, and for MS/MS spectra, the collision energy
was 45 eV. The coated capillaries exhibited a little bit bet-
ter separation of human insulin and its analogs but some
of them were migrating in wide distorted peak. The highest
separation efficiency (192 000 theoretical plates per meter)
was achieved in the SMIL-coated capillary. Surprisingly,
slightly better LODs were obtained with UV-absorption
detection (0.3-1.2 ug/mL) than with ESI-MS detection
(1.0-3.4 ug/mL).

Purity of the insect antimicrobial dipeptide B-alanyl-
tyrosine (B-Ala-Tyr) isolated from the extract of the
hemolymph of larvae of the fleshfly Neobellieria bullata
and purified by RP-HPLC and free-flow zone electrophore-

sis (FFZE) was tested by CZE in BFS capillary (50/375 um
id/od x 393/290 mm total/effective length) thermostated
at 25°C using 500 mM AcOH, pH 2.50 as BGE, 20.0 kV
as separation voltage, and 195 nm as detection wavelength
[189].

CE-UV and CE-MS with sheathless ESI interface were
employed for separation, identification, and quantifica-
tion of impurities in cobratide peptide drug extracted from
the venom of Chinese cobra that is widely used for the
treatment of chronic intractable and persistent pain [228].
Under the optimized conditions (BGE composed of 50 mM
ammonium acetate, pH 4.0, BFS capillary 90 cm X 30 um
id, separation voltage +10.0 kV, ESI voltage 1650 V, source
heating temperature 50°C, collision cell energy 10 eV, data
recorded at 800-2000 m/z, separation time 30 min), the
LOQ of CE-UV method was 4.16 ug/mL.

The electrophoretic homogeneity of synthetic peptide
containing 21 AA residues proposed as lactoferrin binding
ligand by in silico modeling was confirmed by CE anal-
ysis in BFS capillary (75 pm id, 60/50 cm total/effective
length) thermostated at 30°C using 10 mM Tris/HCl buffer,
pH 7.2, as BGE, 20 kV as separation voltage, and 200 nm
as detection wavelength [229]. The CE analysis of a mix-
ture of this peptide with lactoferrin proved formation of
peptide-lactoferrin complex.

Peptide drugs and peptides used in biological assays
have to be characterized also by the content of their low-
molecular-mass ionic admixtures and counterions [228].
Basic peptides frequently contain anionic counterions, for
example, fluorides, chlorides, acetates, and trifluoroac-
etates (TFA) originating from synthesis and/or purification
of these peptides. Peptides are often isolated as TFA salts
by preparative HPLC or they may contain fluorides after
their hydrogen fluoride cleavage in solid-state peptide syn-
thesis. However, the toxic TFA and fluoride anions have to
be completely exchanged for another counterion from the
peptide preparations prior to their biological applications
to avoid potential toxicity effect. Applications of CE meth-
ods in this field are presented in the previous reviews [135,
136].

7.1.2 | Determination in biomatrices

CE methods coupled with highly sensitive MS and LIF
detectors and utilizing the online sample stacking effects
possess great potential also for the determination of
peptides at low concentration levels in complex biomatri-
ces, such as biological fluids, cell lysates, tissue extracts,
foods, and feeds. This fact and miniature injected sample
volume (nL to pL) make CE methods powerful and highly
appreciated tools in biomedical research and clinical
analysis [230, 231], where often only minute volumes from
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biopsy or dialysis samples are available, and in the single
cell analysis [232-234].

Detection and identification of particular peptides in
complex biomatrices are of great importance also in pep-
tidomic and proteomic analyses of biological fluids (blood,
serum, plasma, cerebrospinal fluid, urine, and saliva) [231].
It can result in the discovery of new specific peptide
biomarkers applicable in diagnosis, therapy, and progno-
sis of some diseases, for example, various kidney diseases
[235-237], Alzheimer’s disease [5], prostate cancer [238],
cardiovascular diseases [236], COVID-19 [239], and lupus
nephritis (LN) disease [6].

CZE-ESI-MS setup has been applied for the deter-
mination of three peptidoglycan-derived peptides (tri-,
tetra-, and pentapeptides) and their amidated derivatives
in the extracts of bacterial cytoplasma [240]. These pep-
tide fragments are generated by the bacterial autolysis of
peptidoglycans—the relevant constituents of the bacterial
cell wall. They are involved in the bacterial cell-wall stress
response such as -lactamase induction in the presence
of B-lactam antibiotics. The absolute quantitation of one
of these peptides (tripeptide) based on the [1*C, N] iso-
topically labeled standard was carried out in the crude
cytoplasmic extracts of bacteria grown in the presence or
absence of a f-lactam antibiotic (cephalosporin C). The
separation was performed in BFS capillary (50/365 um
id/od x 90 cm total length) using 100 mM FA as BGE
and 10 mM FA, 50% IPA as SL delivered with 1.5 uL/min
flow rate. The separation voltage was +30 kV at 25°C. The
results have shown increased concentration of tripeptide
in samples grown in the presence of antibiotics. In spite
of high complexity of the sample, the repeatability of the
CZE-ESI-MS quantitation was very good, with RSD of ca.
1%.

CE-ESI-MS in the mode of multiple segment injec-
tion and with in-capillary preconcentration via FESI was
applied for high-throughput and high sensitive determi-
nation of therapeutic decapeptide triptorelin in complex
pharmaceutical and biological matrices [91]. CE was run in
90 cm long X 50 um id BFS capillary using BGE composed
of 1 M FA, pH 1.88, and SL was a mixture of 5 mM ammo-
nium acetate and MeOH (50/50, v/v). FESI increased the
sensitivity 50 times to the LOD of 5 ng/mL in aqueous
matrix of the commercial drug Diphereline and 25 ng/mL
in complex blood plasma matrix spiked with triptorelin).
The multisegment injection increased the throughput of
the method three times as compared to conventional CE
method with single injection per analysis.

3D printed, automated, pressure-driven injection
microfluidic MCE device with 46 ym wide, 50 um deep,
and 9.8 mm long separation channel connected to two
pneumatic valves (formed by membrane thickness of 5 or
10 um) and reservoirs was developed using glycine and

phenylalanine as model compounds and subsequently
applied for the determination of preterm birth-related
peptide and protein biomarkers, peptide 1, peptide 2,
corticotropin releasing factor, ferritin, and lactoferrin,
respectively [109]. The valves enabled control of fluid
flow in microchannels during sample injection and MCE
separation. The AlexaFluor fluorescently labeled peptides
were injected within 0.5-1.5 s and separated at 460 V/cm
electric field strength within less than 1 min in BGE
composed of 50 mM HEPES, pH 8, and containing 1%
HPC for dynamic microchannel coating. With the LIF
detection with 532 nm excitation wavelength and 1.5 s
injection time, the LODs for peptides 1 and 2 were 400 pM
and 15 nM, respectively, and the linear detection range for
peptide 2 was 50-400 nM.

Four biologically active peptides (Ala-Hyp, Pro-Hyp,
Pro-Hyp-Gly, and Gly-Pro-Hyp) in simulated gastroin-
testinal digestion of two bovine collagen hydrolysates by
pepsin (4% m/m in 100 mM HCI) were separated and
quantified by CE with UV-absorption detection at 205 nm
wavelength using BFS capillary (75 pym id X 60/53 cm
total/effective length), BGE consisted of 100 mM phos-
phate buffer, pH 2.4, and separation voltage was 20 kV at
20°C [241].

Several CE methods have been developed for the
determination of GSH, natural tripeptide y-Glu-Cys-Gly,
which plays an important role in several physiological
processes in humans and animals. It maintains home-
ostasis and regulates the redox environment in the cells.
Acting as antioxidant, it prevents and reduces oxidative
damage of proteins in the living cells and participates
in the reduction of disulfides and other molecules. The
determination of GSH in body fluids is important for early
diagnosis and monitoring of various diseases. CE analyses
of GSH include, for example, the determination of GSH,
cysteine, and homocysteine in human blood plasma and
saliva [77], determination of reduced and oxidized forms
of GSH in human blood samples [99], and quantification
of naphthalenedicarboxaldehyde-labeled GSH in HepG2
cells with LOD and LOQ of 6.0 and 20.0 nmol/L,
respectively, using Tris-borate buffer, pH 9.2, as
BGE [242].

CE-MS analyses of urinary peptidomes (peptide profil-
ing) have discovered large sets of urinary peptide biomark-
ers for various diseases. CE-MS study revealed a marker
model of 83 urinary peptides that could be used for the
diagnosis of periprosthetic joint infection with a sensitiv-
ity of 95%, a specificity of 90%, and an area under the
curve of 0.96 [243]. On the other hand, CE-MS analyses
of urinary peptidome of 55 patients with active LN and 38
patients with non-active LN have shown that urinary pep-
tides cannot discriminate between active and non-active
LN or predict early response to therapy [6].
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FIGURE 8 Base peak electropherogram of one-dimensional

capillary zone electrophoresis (CZE) separation peptide fragments
of in-capillary reduced and by pepsin digested mAb trastuzumab

(1 mg/mL) using 40-mM tris(2-carboxyethyl)phosphine (TCEP) for
reduction and 3.8 mg/mL pepsin for digestion, 70 cm poly(ethylene
oxide) (PEO)-coated capillary, background electrolyte (BGE) 0.2 M
formic acid (FA), 10 min digestion time, 30 kV, 350—2000 m/z (black
trace). Extracted ion electropherograms of selected peptides:
LFPPKPKDTLM (green trace, 429.578 m/z), ISRTPEVTC (red trace,
503.255 m/z), DSDGSF (blue trace, 627.226 m/z). Source: Reprinted
with permission from Ref. [185].

In addition to the above peptide determinations in bio-
logical fluids, CE and CEC have been applied also to the
analysis of peptides in complex mixtures of food and feed
products [244, 245].

713 |
reactions

Monitoring of chemical and enzymatic

Besides analysis and characterization of “static” peptide
preparations, CE methods are frequently applied also for
monitoring and evaluation of chemical and enzymatic
reactions and modifications of peptides and proteins, for
example, hydrolysis, oxidation, reduction, deamidation,
isomerization, and racemization. In addition to reactions
performed in classical offline format, the course of reac-
tions performed directly inside the separation capillary can
be monitored by CE [246].

In-capillary digestion of charge variants of unstressed
and thermally stressed mAb by pepsin was monitored by
2D-CE-ESI-MS setup described in Section 5.7. The peptide
fragments were separated in 93 cm long 50 um id capil-
lary physically coated with PEO using 200 mM FA as BGE
and 50% IPA, 0.2% FA as the SL with delivery flow rates
of 3-8 pL/min [185], see Figure 8. The common PTMs of
mADb, deamidation, oxidation, and others were detected
and localized in the polypeptide chains.

A new concept of an IMER was introduced by Ryan
and Bruening [247]. They placed the nylon membrane

containing the immobilized pepsin between CE separa-
tion capillary and MS detector, that is, in a low-flow SL
ESI source, which enabled protein digestion immediately
before spray into the mass spectrometer. Thus, the pro-
teolysis performed after separation limits the separation
of digested peptides but allows the peptides from a given
separated protein to enter the MS in a single plug. It may
help in the identification of the given protein including
utilizing its known migration time and effective mobil-
ity. Separation of six proteins (albumin, a-lactalbumin,
insulin, carbonic anhydrase II, myoglobin, and ribonucle-
ase B, each at 0.1 mg/mL concentration dissolved in 10 mM
ammonium bicarbonate buffer) was carried out in 100 cm
long LPA-coated FS capillary using 3% AcOH as BGE and
aqueous 10% MeOH, 0.5% FA as the SL. Separation and
spray voltages were set at +30 and +2 kV, respectively.
Sequence coverages were greater than 75% for myoglobin
and carbonic anhydrase II but much lower for proteins
with disulfide bridges.

CE methods are frequently used for investigation of
PTMs of peptides and proteins, such as phosphorylation,
glycosylation, acetylation, methylation, glycation, and oth-
ers [248-250]. PTM of an important protein, prostate-
specific antigen (PSA), biomarker of increased risk of
prostate cancer, was studied by CE-ESI-MS analysis of
peptide fragments of PSA generated by tryptic digestion of
PSA (isolated and immunopurified from urine by anti-PSA
nanobodies and pretreated by reduction with dithiothreitol
and alkylation with iodoacetamide) [251]. CE separation
of peptides was performed in PEI coated FS capillary
(30/150 pm id/od x 91 cm) with a porous tip at the
outlet capillary end using 20% v/v (3.49 M) AcOH, pH
2.3, as BGE and -20 kV as separation voltage at 15°C.
Sample volume was 41 nL, 6.3% of the total capillary
length/volume. CE was hyphenated with ultrahigh reso-
lution QQ-TOF-MS via sheathless CE-ESI-MS interface
and nano-electrospray source. ESI voltage at positive ion-
ization mode was +1350 V, nitrogen drying gas 1.2 L/min,
quadrupole ion energy 5 eV, collision cell energy 5 eV,
transfer time 120 ps; pre-pulse storage time 20 us. The MS
data were collected with a spectral acquisition frequency
of 1 Hz within the m/z range 200-2200 for peptides and
600-3000 for the intact protein. Using this method, tri-, di-,
mono-, and non-sialylated complex-type N-glycans were
found on non-cleaved PSA as well as the non-glycosylated
variant. The cleaved PSA showed that a similar relative
abundance of glycoforms as non-cleaved PSA and the gly-
cosylation profiles of intact protein was confirmed by more
in-depth analysis of glycopeptides.

CE methods are widely used in monitoring of enzy-
matic digestions or conversions of peptides with the aim
to study some details of these processes, such as drug
metabolism, substrate or inhibition specificity, and/or
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activity of enzymes and kinetics of their cleavage of pep-
tides [246]. These studies include the determination of
Michaelis—-Menten kinetic data or the identification and
characterization of inhibitors or substrates.

The CE-based enzyme assays are performed in two
modes: (i) as precapillary assays with offline incubation
of enzyme and substrate (and inhibitor) followed by CE
analysis of substrate or product(s) [164, 252] and (ii) in-
capillary assays, where the enzymatic reaction and analyte
separation are performed in the same capillary [246, 253].
The latter mode is performed either as electrophoreti-
cally mediated microanalysis with enzyme, substrate and
inhibitor mixing due to their different electromigration
velocities [254, 255] or via their transverse diffusion of lam-
inar flow profiles of their short in-series introduced closely
neighboring zones [246, 256, 257].

Kinetic study of an important enzyme, prolyl hydroxy-
lase 2, which is a key oxygen receptor regulating oxygen
homeostasis and one of the targets for drug research for
hypoxia related diseases, was based on MEKC separation
and quantification of peptide substrate and product of
enzymatic reaction [164]. A challenging separation of two
peptides, octadecapeptides containing non-hydroxylated
and hydroxylated proline residue in the middle of pep-
tide chain, thus differing only by one oxygen atom, was
achieved using 65 mM SDS as micellar pseudostation-
ary phase and 65 mM sodium tetraborate with 10% ACN
organic modifier, apparent pH 9.4, as MP. It enabled to
determine Michaelis constant and maximum velocity of
the enzymatic reaction, to screen the inhibitors of this
enzyme, and to estimate their ICs, parameter (50% inhibi-
tion concentration). In several applications, the enzymatic
reactions were carried out in IMERs that were directly
connected with the CE separation [258].

A homemade CE device equipped with BFS capillary
(75/365 pum id/od, 75/50 cm total/effective length) with
semicircular bends and 25 mM sodium tetraborate BGE,
pH 9.3, was applied to monitor hydrolysis of fluores-
cein labeled antimicrobial heptadecapeptide containing
gelatinase cleavage sites by gelatinase secreted by Staphy-
lococcus aureus [259]. The peptide substrate and one of
the released peptide products were quantified by flu-
orescence detection (inverted fluorescence microscope)
with excitation/emission wavelengths 492/516 nm. Linear
dependence of the peak area of the peptide product on
the concentration of S. aureus allowed application of this
method for estimation of the content of S. aureus in the cell
culture suspension.

The same BFS capillary, bent to 1, 2, or 4 semicircular-
shaped turns with a 3-cm diameter and serving as a
microreactor, was employed in a new assay for determi-
nation of PreScission protease activity in a microscale
[260]. Due to different mobilities, the protease and the sub-

strate (peptide labeled with ATTO 590 fluorescent dye and
immobilized on GSH stabilized quantum dots) were mixed
inside the bent capillary with sequential injections. The
digestion of the peptide substrate was monitored by CE
using 25 mM sodium tetraborate, pH 9.3, as BGE, 20 kV as
separation voltage and Forster resonance energy transfer
technology as the fluorescence detection.

In vitro simulated gastrointestinal digestion of two
bovine collagen hydrolysates by pepsin (4% m/m in
100 mM HCI) was monitored by CE in BFS capillary (75 um
id x 60/53 cm total/effective length) using 100 mM phos-
phate buffer, pH 2.4, as BGE, at 20 kV separation voltage,
20°C, and 205 nm detection wavelength [241]. The two
hydrolysates had distinct peptide profiles; 13 unidentified
peptide peaks from each hydrolysate were not found in the
other. No differences were found in AA content.

7.1.4 | Monitoring of molecular interactions
and physicochemical changes

In addition to the previous chemical and enzymatic reac-
tions of peptides, CE methods are often applied for study-
ing of non-covalent molecular interactions of peptides with
various ligands or receptors [261] and for monitoring of for-
mation of covalent peptide adducts with other compounds,
mostly antibodies or other carrier proteins [262]. Applica-
tions of different ACE methods for the investigation of the
important interactions of drugs, including peptide drugs
with serum proteins and related binding agents, can be
found in a recent review [145].

CE-UV and CE-ICP-MS methods were applied to
investigate non-covalent interactions of copper(Il) ions
with amyloid-f3;_4, peptide [263]. CE-UV experiments
were conducted in HPC coated FS capillaries (75 um
id x 64/54 cm total/effective length) using 10 mM Tris,
15 mM NaCl, pH 7.4 as BGE, at separation voltage of -
20 kV, at 25°C, and detection wavelength of 200 nm. The
analyses were assisted with pressure of 0.1 psi (689.5 Pa)
to compensate the absence of EOF in the neutrally coated
capillaries to speed up the CE analysis. Concentration of
amyloid-B;_4, peptide species was quantified by their peak
areas normalized by their migration times.

Hyphenation of CE with ICP-MS was implemented
via a lab-made sheath-flow interface. The capillary goes
through a microcross toward the nebulizer tip. The electri-
cal connection is ensured by the ground electrode placed
through the third inlet of the microcross. The SL (5 mM
Tris, pH 7.4, containing 10 uM EDTA to prevent copper
sorption on ICP-MS glass parts) was introduced by self-
aspiration to the fourth inlet of the interface with flow
rate about 450 uL/min. CE separations were carried out
at 25°C, at -7 kV separation voltage assisted by 0.3 psi
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(2068.5 Pa) pressure. Copper(II) was detected by ICP-MS
at m/z = 65 with dwell time 1 s. ICP operating conditions
were as follows: carrier gas flow rate 1 L/min, makeup
gas flow rate 0.1 L/min, plasma gas flow rate 15 L/min,
auxiliary gas flow rate 0.9 L/min, radio-frequency power
1550 W for the plasma. Quantification of copper was done
by the integration of the Cu containing peaks. The results
confirmed formation of several negatively charged cop-
per complexes with aggregating beta-amyloid species and
showed the enhancing aggregation rate with increasing
copper concentration.

Degradation of a-amidated peptides, in particular 13
heptapeptides with C-terminal modification often used to
improve half-life of therapeutic peptides, was monitored by
CE-UV, LC-MS, and LC-MS/MS methods [112]. The CE-
UV analyses were performed in PEO coated FS capillaries
(50 um id x 30/20 cm total/effective length) using 25 mM
ionic strength sodium citrate buffer, pH 3.0, as BGE, detec-
tion wavelength of 214 nm and additional pressure 0.1 psi
(689.5 Pa) to speed up the analysis. At separation voltage
of 20 kV, current of ca. 27 pA, 25°C, the amidated and
degradated (carboxylated) peptides were separated within
ashort time of ca. 5 min and provided complementary data
for those obtained by LC-MS and LC-MS/MS methods.

Interactions of peptides with chiral selectors are
described in Section 7.1.7.

CE methods are employed also for monitoring and
evaluation of physicochemical processes and physical
changes of peptides and proteins—aggregation, fragmen-
tation, denaturation, and conformation changes during
unfolding and folding processes [263].

7.1.5 | Amino acid and sequence analysis

CE methods can be employed also for the characteriza-
tion and identification of peptides and proteins by their
AA composition and AA sequence. A special comprehen-
sive review summarizes the application of CE methods
for the analysis of AAs in the last 20 years [264]. Vari-
ous aspects of this topic, such as CE analysis of native
and derivatized AAs with different types of detection
(UV-absorption, fluorescence, contactless conductivity,
MS) and the determination of AAs in different matri-
ces including complete peptide and protein hydrolysates,
are reported there. Another review article deals with the
determination of branched-chain AAs by LC and CE
methods [265].

AA sequences of CE separated peptides are usually
obtained by their tandem MS detection [14, 207]. In fact,
peptide and protein identifications in both bottom-up and
top-down proteomic and peptidomic analyses are based on
the determination of their AA sequences [16, 36, 266].

A special attention is paid to the determination of the
less prevalent D-AAs in complex biological matrices, such
as body fluids and tissue extracts [267]. They can serve
as biomarkers of various human diseases, for example,
some neurological pathologies, various cancers and kid-
ney disorders. Chiral separations play a major role in their
determination.

7.1.6 | Peptide mapping
High separation efficiency and resolving power make the
CE methods suitable tools for peptide mapping (also called
peptide finger printing) of proteins and polypeptides, that
is, separation of peptide fragments created by the combi-
nation of specific chemical and/or enzymatic cleavage of
proteins and polypeptides. The CE or LC record of such
separation represents a characteristic map (finger print)
of the particular protein or polypeptide. Peptide map-
ping is one of crucial techniques for protein/polypeptide
identification, sequence determination of internal parts of
proteins and polypeptides, monitoring of their PTMs and
microheterogeneity, as well as for elucidation of protein
and polypeptide structure [268]. Various aspects of peptide
mapping of proteins by CE methods are presented and in
detail discussed in the recent comprehensive review [42].
Due to the high complexity of peptide maps, namely
of large proteins and biofluids, 1D- or 2D-CE hyphenated
with MS detection are necessary for a complete resolution
of peptides present in these complex mixtures (see Sec-
tion 5.7). CE-ESI-MS/MS or CE-MALDI-MS/MS peptide
mapping of proteins is now often used also for character-
ization and analysis of therapeutic mAbs [256]. Dadouch
et al. elaborated a fast in-line methodology for the routine
quality control of mAbs [257]. First, in the pretreatment
step, the simultaneous denaturation and reduction with
RapiGest surfactant and dithiothreitol, respectively, were
carried out. Then, the tryptic digestion of mAb was per-
formed in-line inside the capillary. Mixing of mAbs and
trypsin resistant to autolysis in 100 mM NH,HCOj as pro-
teolysis buffer was realized by the transverse diffusion
of laminar flow profiles under controlled temperature of
37.0°C. The released peptides were separated by CZE in a
PEO coated FS capillary (30 um id, 60/50 cm total/effective
length) using aqueous 10% v/v AcOH as BGE, 15 kV sep-
aration voltage, and 214 nm detection wavelength. The
whole methodology of CE-fingerprints was very fast (less
than 2 h) and with good repeatability of migration times
(RSD =0.91% N = 5) and corrected peak areas (RSD = 9.6%
N = 5). It was applied for the quality control of different
commercial therapeutic mAbs and a mAb-drug conjugate.
Other types of peptide and protein maps are those (fin-
gerprints) of particular biological fluid (blood serum and
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plasma, urine, cerebrospinal fluid) or tissues. They are
obtained as records of CE, LC, or MS separation and detec-
tion of peptides and proteins present in these complex
biomatrices and can provide specific pattern (fingerprint)
for the various states (standard vs. pathological) of peo-
ple, animals, or plants, whose samples were analyzed.
For example, urinary peptides were studied as potential
noninvasive biomarkers for Lupus Nephritis using stan-
dard CE-MS method performed in commercially available
Beckman Coulter Proteome Lab PA8S80O CE system online
connected with Bruker Daltonic micrOTOF II MS detector
[6].

Suitability of CE-MS methodology for the investigation
of urinary peptide maps was confirmed in a special study
that evaluated analytical performance of a large series
of the CE-MS analyses of urine peptides with respect
to the intra- and inter-day repeatability/reproducibility,
variability and sensitivity of peptide detection, and char-
acterization of the urinary peptidome [269].

7.1.7 | Chiral analysis and separation of
stereoisomers

As peptides are composed of chiral building blocks, L- and
D-AAs, the sequentially identical peptides may exist in
different enantiomeric and diastereomeric configurations.
This may result in their different biological activity and
binding capability to chiral ligands or receptors. Hence,
the chiral analysis of peptides and separation of their
stereoisomers, especially in the case of peptide drugs, are
very important. Thanks to their high separation efficiency
and resolution power, short analysis times, and low con-
sumption of not only sample but also chiral selectors and
other BGE components, CE methods represent powerful
tools for chiral analysis and separation of stereoisomers
in general [163, 270-274] including chiral and stereoselec-
tive separations of peptides [232, 275]. Among the chiral
selectors, native noncharged and especially the deriva-
tized charged cyclodextrins still play the dominant role
[276-278].

Single isomer CD derivative, heptakis(2,6-di-O-methyl)-
B-CD, added at 15 mM concentration as a chiral selector
into the BGE consisted of 100 mM phosphate buffer, pH 3.5,
enabled enantioseparation of two polypeptide analogs of
growth hormone-releasing hormone (sermorelin and CJC-
1293) that differ by L- and D-configuration of only one AA,
second L- or D-alanine of altogether 29 AA residues [94].
Separation was performed in an unusually long PB-coated
FS capillary (110/100 cm total/effective length X 75 um
id) at separation voltage of -30 kV (cathode at the injec-
tion capillary end) and electric current of 70 pA. For a
good repeatability of migration times and peak areas, the

capillary was regenerated after each experiment by subse-
quent rinsing with 50 mM SDS for 7 min, water for 11 min,
100 mM NaOH for 5 min, 0.2% m/v PB in water for 5 min,
and BGE for 7 min.

2-Hydroxypropyl-g-cyclodextrin ~ (2-HP-3-CD)  was
found as a suitable stereoselector for chiral CE analysis
of antimicrobial dipeptide S-Ala-Tyr isolated from the
hemolymph of the fleshfly Neobellieria bullata and its
synthetic amidated ($-Ala-D,L-Tyr-NH,) and acetylated
(N-Ac-B-Ala-D,L-Tyr) derivatives [279]. The baseline
enantioseparation was obtained for all three pairs of
enantiomers, see Figure 9. The best enantioseparation
of B-Ala-D,L-Tyr was achieved in acidic BGE composed
of 32 mM Tris, 50 mM H;PO,, pH 2.5, and containing
20 mg/mL of 2-HP-B-CD. The enantiomers of the ami-
dated derivative 3-Ala-D,L-Tyr-NH, were best separated in
less acidic BGE consisting of 48 mM Tris, 50 mM H3PO,,
pH 3.5, and containing 30 mg/mL of 2-HP-5-CD. The
best enantioseparation of acetylated derivative (N-Ac-3-
Ala-D,L-Tyr) was attained in alkaline BGE composed of
50 mM Na,B,0-, 49 mM NaOH, pH 10.5, and 60 mg/mL
2-HP-3-CD. Chiral CE analyses of mixed samples of the
isolated -Ala-Tyr and synthetic standards of S-Ala-D-Tyr
and (-Ala-L-Tyr have shown that the isolated -Ala-Tyr
was a pure -Ala-L-Tyr enantiomer, see Figure 10.

The effect of chiral ionic liquids composed of tetraalky-
lammonium ions and the AAs (Asn, Asp, and Pro) on the
CD-mediated CE enantioseparations of dipeptides Ala-
Phe, Ala-Tyr, and Phe was studied by Konjaria and Scriba
[280]. The separations were performed in BFS capillary
(50/365 um id/od X 50.2/40 cm total/effective length) at
25°C in BGE consisted of 50 mM sodium phosphate, pH
2.5 or 3.5, at 25 kV separation voltage, and 215 nm detec-
tion wavelength. The addition of a chiral ionic liquid to
the BGE resulted in a higher, concentration-dependent
enantioresolution of peptides than in the case of the BGE
containing only alone 3-CD or 2-HP-3-CD chiral selec-
tors. The increase of resolution varied with both the
tetraalkylammonium cation (tetramethylammonium and
tetrabutylammonium) and the previous AA component of
the ionic liquid. The presence ionic liquids in the BGE did
not interfere with the pH-dependent reversal of the enan-
tiomer migration order of the dipeptides when changing
pH of BGE from 2.5 to 3.5.

In addition to separation of peptide enantiomers and
diastereomers, CE with UV or MS detection can sepa-
rate also positional and linkage isomers of glycopeptides
and glycans generated by enzymatic cleavage of glycosy-
lated proteins [281]. The separation and characterization
of all the isomeric forms of glycans and glycopeptides
is very important for the monitoring of glycoprotein-
and glycosylation-related diseases, for example, prostate
cancer [251].
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Records of capillary electrophoresis (CE) analyses of (A) -Ala-D,L-Tyr in BGE composed of 32 mM Tris, 50 mM H;PO,, pH

2.5; (B) f-Ala-D,L-Tyr-NH, in BGE consisted of 48 mM Tris, 50 mM H;PO,, pH 3.5; and (C) N-Ac-3-Ala-D,L-Tyr in BGE containing 50 mM
Na,B,0;, 49 mM NaOH, pH 10.5, at increasing concentration of the chiral selector 2-hydroxypropyl-3-cyclodextrin (2-HP-3-CD)

(0-60 mg/mL). Source: Reprinted with permission from Ref. [279].
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FIGURE 10 Capillary electrophoresis (CE) analysis of (A)
isolated 5-Ala-Tyr (peak I), (B) mixed sample of isolated $-Ala-Tyr
and standard synthetic L-enantiomer (3-Ala-L-Tyr) (peak I + L), and
(C) mixed sample of isolated §-Ala-Tyr and the standards of
synthetic L- and D-enantiomers (5-Ala-L-Tyr and $-Ala-D-Tyr) in the
background electrolyte (BGE) II, 32 mM Tris, 50 mM H;PO,, pH 2.5,
20 mg/mL 2-hydroxypropyl-S-cyclodextrin (2-HP-3-CD);

Usep = 25KV, I, = 39.5 pA, injection 6.9 mbar, 5 s. Source:
Reprinted with permission from Ref. [279].

Stereochemical configuration of three neuropeptides
derived from the pleurin precursor in individual neurons
isolated from the central nervous system of Aplysia cali-
fornica was determined by CE coupled to trapped IMS MS
(CE-TIMS-MS) [232]. Analysis of the mobility profiles has

shown that more than 98% of the pleurin-derived peptides
occur in non-isomerized, all-L forms in the individual neu-
ron cells but 44% of the Plrn2 peptide was found to be
present in the isomerized, D-residue-containing form in
the nerve tissue. The CE separations were conducted in
BFS capillary (75-80 cm long, 40/105 um id/od), in the BGE
containing 0.75% FA and 25% ACN, at 25 kV separation
voltage. The lab-made CE-ESI interface was connected
to a timsTOF Pro mass spectrometer. The emitter was
grounded, and the ion guide capillary voltage of the MS
detector was set 2000 V. The SL was aqueous solution of
50% MeOH and 0.1% FA. This setup proved to be a pow-
erful tool capable to investigate peptide stereochemistry at
the single cell level. Chiral separation is important espe-
cially in the determination of D-AAs in total hydrolysates
of peptides and proteins because D-AAs can serve as
specific metabolic biomarkers for detection of various
pathological states and for evaluation of their recovery or
progress [267].

Peptides are not only the subject of chiral CE sepa-
rations, and they are used also as chiral selectors for
enantioseparation of other chiral compounds. The most
important peptide chiral selectors are macrocyclic gly-
copeptide antibiotics, vancomycin, ristocetin, teicoplanin,
eromycin, and their fragments and analogs. They are used
for a broad class of chiral separations both in electromigra-
tion and chromatographic techniques [282]. For example,
vancomycin non-covalently or covalently attached to the
inner FS capillary wall via photosensitive diazo resin as
the coupling agent was applied for CE separation of enan-
tiomers of chiral drug promethazine and three other chiral
compounds (chlorpheniramine, benzoin, and mandelic
acid) [283].
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7.2 | Micropreparative separations

The application of CE techniques for preparative separa-
tions of peptides as well as of other (bio)molecules is much
less than for their analyses and characterizations. This is
caused by: (i) inherently low preparative capacity of the
narrow bore capillaries with id less than 100 um and (ii)
more complicated adaptation of CE devices for prepara-
tive purposes ones than in LC systems. The latter problem,
resulting from dipping of both capillary ends and elec-
trodes into the BGE in the electrode vessels, by means of
which the separation voltage is introduced in the capil-
lary, was solved by special modifications of the CE devices.
These modifications and some protocols elaborated for
fraction collections from the capillary were reported in the
earlier reviews [284, 285].

For peptide preparation and purification, CE methods
are used mostly indirectly. They are utilized for the anal-
ysis of peptides separated and purified by other methods,
mostly preparative LC, sometimes also by preparative free-
flow electrophoresis. Direct application of CE methods
allows only microscale isolation of a peptide or other
compound of interest. In commercial apparatuses, the
autosamplers are adapted to fraction collectors, and the
electro- or pressure-driven flows are employed utilized for
the elution of the particular compounds from the capillary.

The problem of limited preparative capacity of CE
(mostly less than 1 ug per run) can be partially solved by
(i) enlarging the capillary id (but compromising separa-
tion efficiency), (ii) repetitive fraction collection, and (iii)
using the multicapillary systems. Multiple separations in
a single narrow bore capillary and pooling of the frac-
tions with the same mobility are used for the isolation
of peptides prior to their subsequent AA or MS analysis
for M, determination and identification. Such approach
was applied for micropreparative separation of peptide
fragments generated by tryptic digestion of human serum
proteins or proteins of the Escherichia coli cell lysate or
conditioned cell media [286]. The CE separations were per-
formed in BFS capillary with a wider id of 100 pm (375 um
od) and relatively short total/effective length of 30/20 cm
thermostated at 25°C using 1 M AcOH as BGE, 7 kV as
separation voltage, and 214 nm as detection wavelength.
Fraction collection windows were selected by the calcu-
lation of migration velocity of peptides and extrapolating
the migration time at detector to the migration time at
the capillary outlet end. The fractions were collected by
positioning the capillary outlet in the particular collection
microvials throughout the experiment. The volume in the
inlet and outlet vials during fraction collection was 125 uL.
In the 8-times repeated experiments, a total amount of
2 ug of peptides was obtained with average mass of 400 ng
of peptide per fraction. This peptide fractionation signifi-

cantly improved identification of peptides and proteins in
bottom-up proteomics of E. coli lysate, with ca. 185% more
identified peptides and ca. 130% more identified proteins.

Microscale isolation of peptides is performed in the
offline coupling of CE with MALDI-MS detection. Nano-
liter volume fractions are collected on the MALDI com-
patible plates or membranes and subsequently analyzed by
MALDI-MS [287, 288].

Substantial increase of preparative capacity can be
achieved by the conversion of analytical CE separa-
tions into the preparative FFZE mode following the
earlier developed procedures [289, 290]. This approach
was applied for the final purification of the antimicro-
bial dipeptide S-Ala-Tyr isolated from the extract of the
hemolymph of larvae of the fleshfly Neobellieria bullata
and separated from the other extract components by RP-
HPLC [189]. In FFZE, the two remaining admixtures of this
dipeptide were separated, and pure dipeptide S-Ala-Tyr
was obtained. Its electrophoretic homogeneity was con-
firmed by a single peak in the CZE analysis of the final
product.

Other recent applications of various electromigration
methods in the free-flow instrumental format for mid-
dle scale isolation of biomolecules including peptides are
reported in recent reviews [291, 292]. FFZE implemented
in microfluidic devices can also be used for microscale iso-
lation of peptides and other biomolecules [293]. However,
due to their limited preparative capacity, they are more
suitable for continuous monitoring of selected analytes
than for real preparative purposes.

7.3 | Physicochemical characterization
Besides many analytical applications, CE methods
are frequently utilized also for the determination of
several important physicochemical characteristics of
(bio)molecules, including peptides, such as effective
electrophoretic mobilities, actual and limiting (absolute)
ionic mobilities, effective charges, pIs, M,s, Stokes radii,
diffusion coefficients, partition constants/coefficients
(log Py, distribution constants/coefficients (log Dy ),
acidity (ionization) constants (pK,) of peptide ionogenic
groups, binding (association, stability, formation, and
complexation) or dissociation constants of peptide com-
plexes, and Gibbs energy, enthalpy, entropy, rate constants,
and activation energy of their chemical and enzymatic
reactions and interactions [294].

CZE in sieving media (CSE or CGE) [123-126] provides
data on the size (hydrodynamic radius) or mass (M,) of
the separated analytes. The M, of polypeptides and pro-
teins can be estimated from CGE of their complexes with
SDS (capillary version of SDS-PAGE) [127]. Stokes radii
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and effective (net) charges of peptides can be assessed
from the effective mobilities measured by CZE and from
the models relating peptide mobility and their charge/size
ratio [49, 50]. Nevertheless, due to the approximate char-
acter of these models, only approximate values of charge,
size (Stokes radius), and mass (M,) are obtained from
these measurements. Another important peptide/protein
parameter related to the charge distribution in the ampho-
teric molecules, pI, can be determined by CIEF [59, 62] or
by CZE [59, 63, 64]. However, also in this case, one should
take into account that the obtained pI'values are dependent
on the composition of carrier ampholytes in CIEF or BGEs
in CZE, and other experimental conditions.

Effective mobilities of Af;_4, peptide preparations pre-
pared under self-aggregation conditions (incubated 48 h in
pH 7.4 Tris buffer at room temperature) and under con-
ditions limiting the aggregation (freshly dissolved in 0.1%
NH,OH) were determined by pressure assisted CZE-UV
method in HPC-coated FS capillary (75 um id X 64/54 cm
total/effective length) using BGE composed of 10 mM Tris,
15 mM NaCl, pH 7.4, and separation voltage of —-20 kV at
25°C [263]. Two values of mobilities were found to be equal
to —20 X 10~° m?/V/s and —10 X 10~° m?/V/s. These values
and the diameters of these populations determined by Tay-
lor dispersion analysis (6.6 and 1.3 nm, respectively) helped
to distinguish two populations in this peptide preparation.
The first one, faster migration population with mobility
of —20 x 107° m?/V/s and larger diameter of 6.6 nm, was
attributed to large oligomers, and the second one, slower
migrating population with mobility of —10 X 10~ m?/V/s,
was attributed to monomers and small oligomers.

Various ACE modes are widely applied for determi-
nation of the association or dissociation constants of
biomolecular complexes with different types of both low-
and high-molecular-mass ligands including peptides, for a
survey, see the recent [144, 145, 147] or the earlier reviews
[261, 295].

CE-ICP-MS method was applied for the determination
of the affinity (binding) constant of the complex of a short
beta-amyloid peptide 1—16 (AfB;_;6) With copper(II) cation
[296]. The affinity constant was determined by competi-
tion assays using nitrilotriacetic acid (NTA) as a suitable
competitive chelator that forms with Cu(II) ion complex
of approximately the same strength as the AB,_i5 pep-
tide but has a different mobility than the peptide-Cu(II)
complex making possible to separate and detect both com-
plexes by CE-ICP-MS. The mobilities of both complexes
were determined by ACE and were found to be equal
to =10 X 10~ m?/V/s for (AB;_is)-Cu(Il) complex and
—25 x 107° m?/V/s for NTA-Cu(II) complex, being well
different between themselves as well as being different
from the mobilities of the free ligands, —8 x 10™° m?/V/s
for AB;_;s and —50 X 10~ m?/V/s for NTA.

The determination of the binding constant of (Af;_1¢)-
Cu(II) complex was based on the comparison of the affinity
of AB,_;s and NTA for Cu?* cations (added in the form of
CuCl,). Various solutions containing 10 uM CuCl,, 100 uM
ApB_16 and increasing concentration of NTA were analyzed
by CE-ICP-MS after 2 h incubation at room temperature.
Experiments were done in two BGEs (10 mM Tris, 15 mM
NaCl, or 10 mM HEPES, 15 mM NacCl, both at pH 7.4) and
in two types of FS capillaries (neutrally HPC coated or pos-
itively PB coated, both 64 cm long with 75/375 um id/od),
at =7 kV and pressure 0.3 psi (2068.5 Pa) in the former
and at -15 kV in the latter capillary. For all experimental
conditions, the distribution of Cu(II) between the two com-
plex species was determined by ICP-MS where copper was
detected at m/z = 65. Tris buffer was evaluated as unsuit-
able for the binding constant (K;,) determination as Tris
increased dissociation of the copper complexes. Using the
HEPES BGE and the PB- and HPC-coated capillaries, the
APB;_16—Cu complex was found to be very strong, with log
K;, equal to ca. 9.9 in both types of capillaries.

The average apparent binding constants and the actual
ionic mobilities of the complexes of the antimicrobial
dipeptide B-Ala-Tyr and its amidated (5-Ala-Tyr-NH,)
and acetylated (N-Ac-B-Ala-Tyr) derivatives with chiral
selector, 2-HP-3-CD, were determined by the mobility shift
mode of the ACE [279]. The binding constants and the
ionic mobilities of the complexes were obtained by non-
linear regression analysis of the dependence of effective
mobilities of the dipeptide f-Ala-Tyr and its derivatives
on the concentration of 2-HP-3-CD in the BGE. The com-
plexes were rather weak, with the binding constants in the
range 11.0—79.1 L/mol.

In addition to the determination of thermodynamic
parameters, also kinetic characteristics of reactions and
interactions can be estimated by CE methods [155, 156, 297,
298].

8 | CONCLUDING REMARKS AND
FUTURE PROSPECTS

As shown in above sections, CE and MCE methods repre-
sent powerful techniques for analytical and microprepara-
tive separations and characterizations of peptides. Nowa-
days, these methods are recognized/appreciated as valu-
able complements and/or counterparts of the other high-
performance separation methods, especially (U)HPLC and
nano-LC. Wide applicability of CE and MCE methods in
chemistry and biochemistry of peptides is confirmed by
their usage not only as high-efficient and high-sensitive
analytical techniques, able to determine femtomole to zep-
tomole amounts of peptides in nano- to picoliter injected
sample volume of complex biological matrices but also
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as highly beneficial physicochemical methods providing
important physicochemical and biochemical characteris-
tics of peptides.

Peptides belong to the most important biologically active
compounds with essential role in many vitally relevant
physiological processes. Many of them and their functions
have been identified but even more have to be revealed and
elucidated. For a more detailed understanding of biologi-
cal processes and diseases, a comprehensive investigation
of a whole peptide set of a cell, organ or organism (pep-
tidome) have to be performed. Moreover, the structure and
function of proteins in proteomic studies are often explored
by means of their peptide fragments. Hence, the analysis,
purification and characterization of peptides will undoubt-
edly remain one of the most challenging issues of CE and
MCE methods also in the next years. Concerning these
methods themselves, their development will continue in
the direction of further miniaturization, that is, to imple-
mentation in microfluidic devices and integration into
micro-total analytical systems, online coupled with high-
sensitive and high-resolution tandem MS or LIF detection.
2D and multidimensional separations based on combina-
tion of orthogonal principles of CE and LC methods, and
their hyphenation with tandem MS detection will be neces-
sary for analysis and identification of peptides and proteins
in their complex mixtures in comprehensive peptidomic
and proteomic studies.
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