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B CONTENTS tion, CE took its place among established analytical techniques
and, for instance, became the method of choice for fast high-

Teth1 niques and Methods 1424 resolution DNA sequencing in the nineties of the last century.
r?g?;igﬁz:g?c Preconcentration :j 63 Although with a considerably smaller footprint than liquid and
Chromatographic Preconcentration 1465 gas chromatography, CE remains to play an essential role in
Miscellaneous 1465 contemporary analytics. For example, with the strong advent of
Coatings 1465 biopharmaceuticals, CE has shown to be particularly useful for
Separation Media 1466 routine quality control of therapeutic proteins, such as
Pseudostationary Phases 1466 monoclonal antibodies. Current CE applications range from
Capillary Electrochromatography 1466 determination of small inorganic ions to characterization of high-
Chiral Media 1466 molecular-weight biomolecules, and even particles and intact
Multidimensional Separations 1467 cells. The research field of CE remains very active, as exhibited by
Detection 1467 a steady and significant flow of scientific reports on theory,
Mass Spectrometry 1467 separation modes, new instrumentation, and applications of CE
Optical Spectroscopy 1468 techniques in various areas.
Capacitively Coupled Contactless Conductivity The present review provides a brief cross section of new
Detection 1468 developments in the broad field of CE, covering the period
Miscellaneous 1468 between September 2015 and September 2017. An initial search
Applications 1468 on Web of Science, considering keywords related to all modes of
Inorganic Compounds 1468 CE including their acronyms, yielded about 7000 articles. A first
Nanoparticles 1469 screening in which reviews and irrelevant references were
Affinity 1469 omitted, provided 1200 papers of significance. From these a
Nucleic Acids 1470 selection of about 200 was made based on originality, interesting
Viruses and Bacteria 1471 developments and relevance. Notably, studies utilizing electro-
Metabolites 1471 phoretic principles in microfluidic devices were not included in
Amino Acids 1472 the present review.
Peptides 1473
Proteins 1473 M TECHNIQUES AND METHODS
gﬁ::;?;iﬁ;i: :j;g Preconcentration. Injected sample amounts in CE are
Biopharmaceuticals 1475 inherently small. Moreover, when using optical detectors, the
Low-Molecular-Weight Drugs 1476 optical pathway is limited. Consequently, the concentration
Polymers 1477 sensitivity of CE methods can be poor. Improvement of
Author Information 1477 concentration detection limits by sample preconcentration,
Corresponding Author 1477 either online or offline, remains a topic of research activity.
ORCID 1477 Electrophoretic Preconcentration. Electrophoretic sample
Author Contributions 1477 preconcentration in CE often relies on an abrupt and temporary
Notes 1477 reduction of the migration velocity of analytes. This is clear in
Biographies 1477 commonly applied methods like field-amplified sample stacking
Acknowledgments 1477 (FASS),' large-volume sample stacking/injection (LVSS/
References 1477 LVSI),” field-enhanced sample injection (FESI),”* sweeping,’

and electrokinetic supercharging (EKS).° The fundamentals of
electrokinetic processes occurring during FASS were studied
ince the introduction of modern capillary electrophoresis experimente;lly and with ‘Comp-uter simulation by. sestak and
(CE) by Jorgenson and Lukacs in 1981, CE has evolved into Thormann.” The authors investigated the effect of injected plug

a highly mature and versatile separation technique. After a first
decade of development studies and instrument commercializa- Published: January 3, 2018
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Figure 1. Schematic illustration of the different steps of cis-diols compounds analysis. A miniaturized boronate affinity monolithic column (#BAMC) at
the inlet of an open fused silica capillary is used to preconcentrate and purify cis-diol containing molecules. After their capture under alkaline conditions,
catecholamines are eluted in a short acidic plug before their subsequent inline CE separation and UV detection. Reprinted from J. Chromatogr. A, Vol.
1494, Espina-Benitez, M. B.; Randon, J.; Demesmay, C.; Dugas, V., Development and application of a new in-line coupling of a miniaturized boronate
affinity monolithic column with capillary zone electrophoresis for the selective enrichment and analysis of cis-diol-containing compounds, pp. 65—76

(ref 15). Copyright 2017, with permission from Elsevier.

lengths, buffer concentration, sample composition, and linear
velocity for the analysis of cationic compounds.

Another study described the use of a free liquid membrane
(FLM) to further enhance stacking efficiency of a EKS-CE-UV
method.® The FLM presents a water-immiscible organic solvent
interface facilitating the electrically induced transfer of charged
analytes, such as paraquat and diquat. The sensitivity gain was
almost 2000-fold. Similar improvements in sensitivity were
achieved by Cheng et al, who combined LVSI, anion selective
exhaustive injection, and sweeping for the online preconcentra-
tion of tetrahydrocannabinol and metabolites.” The resulting CE
method allowed direct detection of target analytes in urine.

Multiple isotachophoresis (M-ITP) injections were explored
to enhance sensitivity.'” In M-ITP, the ITP sample preconcen-
tration procedure is repeated several times allowing injection of
up to 300 times the normal volume. With 6 M-ITP cycles,
quantification of the Af 1-40 amyloid peptide down to 50 nM
was achieved using UV detection.

Chromatographic Preconcentration. Solid-phase extraction
(SPE) remains a popular chromatographic preconcentration
technique for CE. Zhao et al. demonstrated the effectiveness of
offline C$ reversed-phase liquid chromatography (RPLC) prior
to top-down capillary zone electrophoresis coupled to electro-
spray ionization mass spectrometry (CZE-ESI-MS) analysis of a
yeast proteome.'' In total, 380 proteoforms and 180 protein
groups were identified from 23 proteome fractions analyzed.
Another study used C8 SPE cartridges for reduction of sample
complexity and preconcentration.'”” Melatonin and indole
compounds in plant extracts could be detected down to low
ppb levels. Rodriguez et al. performed SPE based on synthesized
Fe;0,—fullerene—activated carbon magnetic adsorbents for
analysis of azo dyes in wastewater in the low mg/L range."’

In online SPE-CE a small trapping column is introduced just
before or in the initial part of the separation capillary. Tascon et
al. proposed an online SPE-CE-MS method for sensitive alkaloid
analysis."* A micro-C18-column ensured sample cleanup and
simultaneous preconcentration, providing limits of detection
(LODs) in the 2—77 pg/mL range for algal extracts. Espina-
Benitez et al. used a short segment of silica-based monolith with a
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locally functionalized acrylamide derivative of phenylboronic
acid to isolate and preconcentrate diols from 2 uL of complex
matrixes (Figure 1)."® Column elution with a small plug of acidic
solution allowed FASS of the analytes prior to their CE
separation, ensuring LODs in the ng/mL range. This inline
coupling was subsequently successfully used for the fully
automated analysis of catecholamines (neurotransmitters) in
urine samples.

Miscellaneous. An online sample preconcentration method
was developed exclusively for catecholamines that were
fluorogenically derivatized with naphthalene-2,3-dicarboxalde-
hyde.'® It takes advantage of diol-borate complexation, through
which one negative charge is added to the analytes. The sample
was electrokinetically introduced via flow-gated injection. The
analytes were selectively focused to a narrow zone by reversible
complexation, leading to 100-fold preconcentration for catechol-
amines in artificial cerebrospinal fluid.

Shimura and Nagai combined immunoaffinity chromatog-
raphy (IAC) with isoelectric focusing (IEF) in a single
capillary."” TAC was ensured by immobilizing an anti-E-tag
antibody at the inlet of the capillary. The remainder of the
capillary was coated with neutral polydimethylacrylamide to
ensure efficient IEF separations. Fluorescently labeled recombi-
nant Fab with an E-tag spiked at 16 pM to 10 nM in 50% serum
was separated and detected with high precision.

An online high-throughput microdialysis-capillary electro-
phoresis (MD-CE) assay was designed to investigate branched-
chain amino acids as possible biomarkers.'® Analytes were
sampled using microdialysis, fluorescently labeled in an online
reaction, separated using CE and detected using laser-induced
fluorescence (LIF) in a sheath flow cuvette. CE separations were
performed in less than 30 s, and the temporal resolution of the
online MD-CE assay was within 60 s. In a next study, the MD-CE
assay was used to monitor in vivo dynamics, achieving a temporal
resolution of 22 s for small bioamines."'”

Coatings. When conventional bare fused-silica capillaries are
used in CE, resolution and peak widths and shapes may be
compromised by adverse interactions of the analytes with the
inner capillary surface. Furthermore, adsorption of sample matrix
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components, e.g., proteins, may cause uncontrollable changes of
the electroosmotic flow (EOF) and poor migration-time
reproducibility. In order to avoid unwanted adsorptions, coating
of the capillary wall is a common strategy which remains the
subject of research.

Poulsen et al. posed new capillary coating procedures using
polyethylene glycol (PEG).”® These include in-capillary surface-
initiated atom transfer radical polymerization ensuring covalent
binding to the capillary wall and an electrostatic adsorption
process. Coating procedures were followed by monitoring
adsorption of 2-propylisochinolinium bromide and Sunset
Yellow as a positive and negative marker, respectively. Multiple
injections of high concentrations of proteins covering a pI range
of 3.4—8.4 could be performed without depletion of capillary
performance, indicating coating stability of at least 100 days.

A capillary coating procedure allowing regulation of the
magnitude and direction of the EOF was proposed by Fu and co-
workers.”" This was achieved by coadsorption of polydopamine
and polyethylenimine of different molecular weights in variable
mass ratios. The polymer chains were stabilized by complexation
with Fe®". The obtained coatings were further characterized by
field emission scanning electron microscopy and attenuated total
reflection Fourier-transform infrared spectroscopy analysis.

Moreno-Gordaliza et al. used pretreated surface layer protein
A from Lactobacillus acidophilus bacteria as a capillary coating,”
which was characterized by contact angle, fluorescence, and
atomic force microscopy (AFM) analysis. The new coatings were
used for analysis of lipoproteins from human serum with capillary
ITP (cITP). The coating could be used for over 100 injections
without loss of separation performance with coeflicients of
variation of 3% for protein migration times over a period of 7
days.

AFM with an adhesive tip was used by Stock et al. to assess
topographic and charge-induced features on capillary coatings.””
The charge distribution of different successive multiple ionic
polymer layer (SMIL) coatings was assessed with nanometer
resolution employing avidin as a single molecule sensor. The
acquired surface properties of a four-layer SMIL with poly-
(acrylamide-co-2-acrylamido-2-methyl-1-propansulfonate) as
the terminal layer were related to the observed EOF and CE
performance for model proteins and peptides on the same
capillary.**

Optimization of capillary coating procedures and their tuning
toward specific applications commonly is time-consuming and a
trial-and-error process. Monteferrante et al. proposed a method
to describe the EOF behavior of a polymer coating as a function
of pH, allowing predictive analysis of electroosmosis under
different polymeric coating conditions.””> By means of a
theoretical argument and numerical simulations involving the
linearized Poisson—Boltzmann equation and the Lattice
Boltzmann scheme, the experimental curve for the EOF of an
acrylamide/methacrylate coating is assessed.

Separation Media. Pseudostationary Phases. Pseudosta-
tionary phases (PSP) enable separations not achievable with
regular CZE. Micellar electrokinetic chromatography (MEKC)
was used for the resolution of insulin and closely related
peptides.”® The use of neutral surfactants such as Thesit and
Tween20 increased selectivity by reducing adverse interactions
with the capillary wall,”® avoiding the use of a capillary coating
while using an aqueous background electrolyte (BGE). For
separation of different insulins, negatively charged surfactants
were required,”” from which perfluorooctanoic acid was found to
provide the best resolution.
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The new chiral ionic ligand 1-ethyl-3-methyl imidazole L-
tartrate ([EMIM][L-Tar]) was introduced for the separation of
tryptophan, tyrosine, and phenylalanine enantiomers by chiral-
ligand-exchange CE. A comparison with L-tartaric and [EMIM]
L-proline indicated the potential of [EMIM][L-Tar] for the
enantioseparation of amino acids (AAs).”® Liu et al. synthesized
and used the sugar-based surfactant poly(sodium N-alkenyl-a-p-
glucopyranoside) with various size and headgroup functionalities
for chiral separation of ephedrine alkaloids and f-blockers by
MEKC analysis.”” Polymers as compared to monomers showed
to strongly enhance separation, while sulfate groups gave less
resolution enhancement than phosphate head groups.

Capillary Electrochromatography. Capillary electrochroma-
tography (CEC) offers a dual separation mechanism based on
analyte partitioning between a stationary and mobile phase as
well as analyte electrophoretic mobility. Over the years, routine
CEC has proven difficult, partly due to robustness issues related
to bubble formation in frits of microparticulate columns at higher
electric fields. These problems may be circumvented by use of
open-tubular (OT) or monolithic columns. Sepehrifar et al. used
pH-responsive poly(2-dimethylaminoethyl methacrylate)-block-
poly(-acrylic acid) as stationary phase in an OT column for
efficient CEC analysis of acidic and basic compounds.’
Selectivity could be manipulated via differential contributions
from chromatographic and electrophoretic mechanisms by
changing the pH or the ionic strength of the BGE.”’ The
established packing was used to analyze egg white samples
containing p-lactoglobulin and ovalbumin resulting in the
separation of, respectively, two and eight variants thereof.

Zhao et al. designed glutathione-, somatostatin acetate-, and
ovomucoid-functionalized silica-monolithic stationary phases
achieving hydrophilic interaction and chiral selectivity in
CEC.”* The phases showed EOF tunability by pH control of
the mobile phase. Enantioseparation capabilities were enhanced
by incorporating gold nanoparticles (NPs) in the glutathione-
silica monolithic column. Application to pL-AAs and drug
enantiomers was demonstrated.

Stationary phases for CEC based on metal—organic frame-
works (MOFs) were introduced by Pan et al. by in situ rapid
synthesis of the homochiral MOF [Zn(s-nip), ], accompanied by
zinc oxide nucleating agents.3 Monoamine neurotransmitter
enantiomers, nitrophenol isomers, and bisphenols analogues
were separated by the new CEC method, showing similar
performance as layer-by-layer assembled stationary phases but
having the advantage of a significantly reduced preparation and
analysis time.

In an attempt to enhance the separation of chiral compounds,
Kulsing et al. used peak sharpening effects in CEC by employing
molecularly imprinted porous layer OT.>* Enantioseparation
required overloading and introduction of an acetonitrile-
enriched sharpening zone.

Chiral Media. Enantioseparation can be achieved by CE using
chiral selectors in the BGE. CE has the advantages of high peak
efficiency and resolution, relatively fast separation, and low
sample and reagent consumption. Still, chiral selectors can be
expensive and their selection time-consuming. Therefore, the
group of Escuder-Gilabert presented a modeling approach to
predict enantioresolution for a given selector.”> The model is
based on trial runs of selected compounds, correlating mobility
to their physicochemical and topological characteristics.
Principal component analysis and partial least-squares discrim-
inant analysis models were used to determine the most essential
parameters.
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Figure 2. Schematic representation of the CE X FFE-LIF system. (A) CE peaks migrate into the FFE separation channel where a lateral deflection
ensures a second dimension separation based on mobility. (B) Visualization of the 2D separation based on CE migration time and the FFE deflection
distance. (C) CE X uFFE separation of a fluorescently labeled BSA tryptic digest. Reproduced from Johnson, A. C.; Bowser, M. T. Anal. Chem. 2017, 89,
1665—1673 (ref 41). Copyright 2017 American Chemical Society.
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Figure 3. Schematic of the sheathless CITP/CZE-nanoESI-MS setup. After CITP/CZE separation, the CE effluent passes through an integrated metal-
coated ESI emitter. An electrically conductive liquid that is in contact with the outer surface of the emitter ensures the electrical connection required for
CE prior to single reaction monitoring mass spectrometry (SRM-MS). Reproduced from Guo, X. J.; Fillmore, T. L.; Gao, Y. Q.; Tang, K. Q. Anal. Chem.
2016, 88, 4418—4425 (ref 46). Copyright 2016 American Chemical Society.

Cyclodextrins (CDs) are still the most common chiral separation space, corrected peak capacities of 778 (in 7.6 min)
selectors used in CE,**™** but alternative selectors have been and 377 (in 1.8 min) were obtained for peptides and bioamines,
studied. Zhang et al. investigated the performance of the respectively.
spirocyclic chiral ionic liquids (CILs) BMIm+BLHvB— and Kohl and co-workers developed a heart-cut two-dimensional
BMIm+BSMB— for the enantioseparation of five racemic CE system (CE-CE) employing a fully insulated mechanical
drugs.”® The CILs did not provide chiral separation on their valve with an internal loop of 20 nL, in order to overcome
own, but in combination with the CDs, superior enantiosepara- compatibility issues frequently encountered in CE-ESI-MS.* A
tion was achieved. Molecular dynamics were used to predict portion of interest in the first CE dimension is cut by the loop of
interaction configurations and chiral resolution. the valve and reintroduced to the second CE dimension where

Microemulsion electrokinetic chromatography employing interfering compounds are removed, followed by ESI-MS
sodium dodecyl sulfate (SDS) and potassium sodium tartrate detection. The valve accommodates different CE modes.
(PST) as a chiral selector was used to separate caffeoylquinic acid Capillary isoelectric focusing (cIEF), employing MS-incompat-
(CQA) isomers.*’ The PST concentration as well as the pH of ible ampholytes and buffers, was combined with CE-MS method
the BGE was essential for analyte resolution, which was based on allowing selective distinction of charge variants of a monoclonal
differences in chiral carbon positions. The method was antibody (mAb) as well.”
successfully applied to determine individual CQA isomers in Detection. Mass Spectrometry. The high identification
honeysuckle and its preparations. power of MS has driven development of new CE-MS interfaces

Multidimensional Separations. For the analysis of and optimization/application of existing CE-MS interfaces,
complex samples, two-dimensional separations are increasingly achieving better sensitivity and/or ease of use. Wenz et al.
applied. CE in principle encompasses an interesting separation reported a collaborative study on the robustness of CE-MS for
dimension as it may provide an orthogonal mechanism and peptide analysis involving 13 laboratories.** The equipment used
favorable separation efficiency at high speed. However, coupling varied in brand, type, and software engaged, while using the same
of CE to other separation principles is not straightforward due to batch of samples, reagents, and capillaries. Relative migration
voltage handling and the very small volumes involved and time and peak area reproducibility were below 1.4% relative
therefore demands ingenuity to be established. standard deviation (RSD) and 30% RSD, respectively, indicating

Johnson and Bowser described the first coupling of CE to that CE-MS performance allows method transfer across multiple
continuous free flow electrophoresis (FFE), circumventing laboratories.
voltage and sampling issues.*' The CE separation capillary was CE-MS interfacing remains a field of development. An ideal
directly inserted into the FFE separation channel (Figure 2). interface is easy to assemble and use, while achieving efficient
Proof-of-principle measurements involved CE X FFE analysis of analyte jonization and minimize peak dispersion. Gonzalez-Ruiz
fluorescently labeled peptides and bioamines. Taking into to et al. proposed a low sheath-flow interface operating in the
account that these analytes covered only 20—30% of the available nanospray regime without using nebulizer gas.*” Sensitivity and

1467 DOI: 10.1021/acs.analchem.8b00015

Anal. Chem. 2018, 90, 1464—1481


http://dx.doi.org/10.1021/acs.analchem.8b00015

Analytical Chemistry

separation efliciency were somewhat improved as compared to
conventional sheath liquid interfacing. Guo et al. posed a new
interface based on an integrated metal-coated ESI emitter*’
(Figure 3). Employing a 30-um capillary inner diameter with a
similarly sized tapered outer diameter emitter, clogging was
avoided. ITP/CZE-MS quantification of peptides using single-
reaction monitoring indicated limits of quantification down to §
amol. A new commercialized system, developed by the lab of
Dovichi, was extensively evaluated for proteomics applications
over the past few years."” In this interface, the outlet of the
separation capillary is connected to a borosilicate glass spray
emitter tip through a tee providing sheath liquid. According to
the authors, the ESI voltage generates a steady electroosmotic
flow providing a nanoflow of sheath liquid which aids analyte
ionization.

With the development of nanospray interfaces for CE-MS,
strategies to enhance both ionization efficiency and spray
stability have also surfaced. For example, nitrogen gas enriched
with an organic dopant in combination with sheathless CE-MS
was evaluated for glycopeptide analysis.** In combination with
online preconcentration, this technique yielded higher sensitivity
than nano-LC-ESI-MS and sheath-liquid CE-ESI-MS.

Optical Spectroscopy. Fluorescence provides one of the most
sensitive means of detection in CE. Two fluorescently labeled
mirror image aptamers (Spiegelmers) were developed and used
as affinity probes in noncompetitive affinity CE assays with
fluorescence detection for the analysis of glucagon and amylin in
picomolar concentrations.”” The Spiegelmers specifically bind to
the target compounds and offer good stability in biological
matricxs as opposed to the conventional aptamers.

Boutonnet et al. evaluated the differences between pulsed and
continuous light sources in CE with fluorescence detection
studying the compounds 7-hydroxycoumarin, Tamra, and
tryptophan.”’ Pulsed high energy lasers showed to induce
photodegradation of compounds, which could be observed using
a dual fluorescence detector setup. ESI-MS was used for
structural elucidation of the degradation products. The authors
propose the use of continuous LED light sources for the
excitation of the analytes.

Gogiashvili et al. developed a cITP-nuclear magnetic
resonance (NMR) method employing a microslot probe.”'
cITP ensures sample preconcentration, whereas the microslot
eliminates spectral broadening due to the magnetic field induced
by the separation current, thereby allowing continuous-flow
measurements. High-resolution NMR spectra of charged
analytes were obtained, but changes in chemical shift were
observed at currents above 20 p/A. The potential of the microslot
probe for hyphenated electrophoretic separations was demon-
strated by performing cITP focusing and online 'H NMR
detection of a system containing spermine and aniline.

Capacitively Coupled Contactless Conductivity Detection.
Capacitively coupled contactless conductivity detection (C4Ds)
allows simple and contactless detection in CE, without relying on
electrochemical reactions and electrode surfaces (as ampero-
metric and potentiometric detection do). Nyugen et al.
developed an in-house built portable CE-C4D system and used
it for the separation and detection of 14 rare earth elements
within 12 min.*” Achieved LODs were comparable to inductively
coupled plasma (ICP) MS detection.

C4Ds were also used to study the fundamental dynamics of CE
separation in various modes. Caslavska et al. placed eight C4Ds
along a 70 cm capillary to attain temporal insights during CE
separation and compared that with theoretical simulations.”” The
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authors focused their study on the dynamics regarding
electroosmosis and hydrodynamic flow, CZE, discontinuous
buffer systems, and ITP.

Miscellaneous. Adelantado et al. used an online triple-tube
based CE evaporative light scattering detector (ELSD) for the
concentration and size determination of silicon dioxide NPs in
aqueous solution.”* The coupling thereof is straightforward and
bypasses conventional sensitivity discrepancies related to
spectroscopic characteristics. ELSD can be used for various
analytes provided that the analyte is less volatile than the buffer
solution. The method showed to be applicable toward 20—100
nm NPs and resulted in ng/mL LODs.

Cao et al. developed a highly sensitive, in situ real-time imaging
of individual metal NPs flowing inside a capillary by using light-
sheet scattering microscopy with a supercontinuum)5 (Figure 4).
The method was applied to measure single plasmonic gold NPs
with different sizes or chemical modifications, where separation
was achieved in a few minutes based on their different
electrophoretic mobility. The fast movement of small NPs with
scattering cross-section equivalent to a ~20 nm gold NP or less
was successfully captured. The main issue of Rayleigh scattering
background interference from the glass capillary wall was
reduced with either a narrow slit or orthogonal polarization
detection leading to high S/N imaging of the NPs inside the
capillary.

AL2

SPAL1

Figure 4. Schematic of the supercontinuum laser light-sheet plasmonic
imaging system for CE detection. The combination of the apochromatic
(cylindrical) lenses ensure a laterally compressed beam shaped into a
planar sheet which forms a detection volume of ~0.02 nL.
Abbreviations: S, shutter; SP, short pass filter; AL1, AL2, ACI1, ACI2,
ACI3, apochromatic (cylindrical) lens; M, reflection mirror; P1, P2,
polarizer; IL, illumination lens; OL, objective lens; RL, relay lens system.
Reproduced from Cao, X; Feng, J. J; Pan, Q;; Xiong, B.; He, Y.; Yeung,
E. S. Anal. Chem. 2017, 89, 2692—2697 (ref S5). Copyright 2017
American Chemical Society.

Bl APPLICATIONS

Inorganic Compounds. The analysis of inorganic materials
remains a field of interest in which CE has been applied for either
quantitative,”® complexation,”” or kinetic analysis.’® Such
analyses were predominantlgr performed using (indirect) UV—
vis absorbance detection,””*” but C4D is increasingly applied.
Saiz et al. utilized CE-C4D for the analysis of common cations
and compared the performance of the conductivity detection-
compatible BGEs (MES/HIS, Lac/His, and Lac/f-Ala) and
emphasized that addition of 18-crown-6 and hydroxyisobutyric
acid were essential for increasing the detection sensitivity.”" CE-
C4D was also used for the determination of bromate in water.’*
Utilizing electromembrane extraction as a sample pretreatment,
LODs were in the subng/mL range.

Double opposite end injection (DOEI) was shown to allow
detection of both metal cations and anions in a single analysis.

DOI: 10.1021/acs.analchem.8b00015
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DOEI-CE-C4D enabled Durc et al. to detect Cl~, Na*, and K*
simultaneously from skin-wipe sweat samples in order to
diagnose cystic fybrosis.”*> Their approach proved more robust
and reliable by monitoring the C17/K" ratio rather than the CI~
concentration only. A similar DOEI-CE-C4D approach was used
to monitor four cations and eight anions in saliva of wrestlers that
were attempting rapid weight loss.®* Correlations were
established between cortisol concentrations and those of several
salivary ions. Another option for speeding up analysis is the use of
multiple capillaries. Mai et al. developed a portable CE-C4D
instrument with three capillary channels employing different
BGEs allowing the determination of three different categories of
charged analytes® (Figure 5). The system was used for the
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Figure S. CE-C4D electropherograms for the concurrent separations of
inorganic cations, inorganic anions or artificial sweeteners, and organic
anions. Channel 1, inorganic cations. Channel 2, option 1, inorganic
anions; option 2, artificial sweeteners, aspartame (Asp), cyclamate
(Cyc), saccharine (Sac), and acesulfame-K (Ace). Channel 3, organic
anions (1) oxalate, (2) formate, (3) tartrate, (4) malate, (5) succinate,
(6) citrate, (7) pyruvate, (8) acetate, (9) lactate, and (10) ascorbate.
Reprinted from Anal. Chim. Acta, Vol. 911, Mai, T. D., Le, M. D,, Saiz J.,
Duong, H. A, Koenka, I. J,, Pham, H. V., Hauser, P. C., Triple-channel
portable capillary electrophoresis instrument with individual back-
ground electrolytes for the concurrent separations of anionic and
cationic species, pp. 121—128 (ref 65). Copyright 2016, with permission
from Elsevier.

concurrent separation of cations and anions in various beverage
and food matrixes. Kuban and Bocek developed a dual
microelectromembrane extraction approach that enables simul-
taneous extraction of anions and cations which could
subsequently be quantified by CE-C4D.*

For rare earth elements and actinide analysis, different
approaches have been described. Optical detection in combina-
tion with either analyte complextion®” or sample stackingﬁ8
provided the required sensitivity. However, ICP-optical emission
spectroscopy or ICPMS remain the preferred detection
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techniques, as demonstrated by Bonin et al. and Matczuk and
co-workers. They successfully established complexation param-
eters for tetravalent actinide-diethylenetriaminepentaacetic acid
systems,” respectively, and studied the interaction of quantum
dots (QDs) with biologically relevant proteins.”’

Nanoparticles. CE has seen significant applied in the still
expanding field of NPs, such as QDs and gold NPs, which exhibit
high stability, ease of chemical synthesis, and low toxicity. CE was
mainly used for obtaining information on the size and surface
characteristics of NPs and their interaction with biomolecules.
Efficient CE separations of NPs often require addition of
stabilizers to the BGE. For example, poly(4-styrenesulfonate)
(PSS) was studied as an alternative to SDS for improved
separation and size determination of AuNPs.”' The addition of
PSS along with a stepwise field gradient significantly improved
the resolution for AuNPs with diameters ranging from 5 to 20
nm. Similar observations were made for stabilizers such as
Pluronic F-127, citrate, and cetyltrimethylammonium allowin§
differences in AuNP surface chemistry and size to be revealed.”
In order to establish selective UV detection of titanium dioxide
nanoparticles, they were bound to single stranded (ss)DNA
followed by coating with PEG,”” whereas detection of zinc oxide
NPs was achieved by their interaction with dithiothreitol in
phosphate buffer.”* These approaches led to 13—27-fold
enhanced UV absorbance signal intensities, respectively.

Qu et al. studied the use of CE for NP size determinations and
evaluated the effect of surface chemistry on the electrophoretic
mobility of NPs.” For referencing, surface coated gold NPs in
complex matrixes (natural organic matters and fetal bovine
serum) were analyzed by CE-ICPMS. Even after addition of
surfactants to the BGE, it was not possible to eliminate matrix
effects on NP mobility, highlighting the necessity of size
calibration using surface coating and matrix-matched standards.

Fichtner et al. studied aqueous dispersions of amorphous silica
NPs of various sizes by CE.” The method allowed the
determination of the mean, dispersion width, and skewness of
monomodal or multimodal NP size distributions. There was no
need for calibration or additional microscopic techniques, under
the assumption that the investigated NPs had a constant, size-
invariant zeta potential.

CE was also used for the investigation of interactions between
proteins and NPs used for biological applications. CE-ICPMS of
functionalized Au nanorods interacting with serum proteins
revealed metal-specific protein profiles for the differently
functionalized AuNPs.”” However, identification of the proteins
was not always possible due to the large number of possible
candidates.

The development and assessment of new ligands for QDs has
developed into a popular field of interest.”® CE with fluorescence
detection was extensively applied in order to explore the binding
of QDs and polypeptide ligands.”*~* For example, based on
meta-affinity driven assembly, the CdSe/ZnS-QDs were
functionalized using polyhistidine peptide tags. Longer poly-
histidine tags (1 = 6) provided optimal self-assembly efficiency."’
New His-peptide ligands were synthesized providing CE-LIF
assays for the analysis of the interaction between QDs and
functionally important biomolecules.*”

Affinity. CE has shown particular useful for the study of
(bio)molecular interactions, providing short analysis times, low
sample size requirements, high separation efficiencies, and ability
to cover a large range of affinities. Li et al. employed affinity CE
(ACE) in order to study the binding of sulfated #-CD to uranyl
compounds in aqueous solutions.*> ACE was also employed for
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Elsevier.

establishing apparent binding constants of complexes between
enantiomers of acyclic nucleoside phosphonates (ANPs) and /-
CD in aqueous alkaline medium.** Estimation of the equilibrium
dissociation constants by nonlinear regression and linearized
plots showed that the ANP-$-CD complexes are relatively weak.
Limitations of ACE for quantification of the supramolecular
interactions between the CD cavity and ionic liquids and their
effect on the stability of the inclusion complexes were
investigated as well.**

The effect of surface oxidation state on the intensity and mode
of particle—protein conjugation was quantitatively evaluated by
CZE and ACE methods.*® Partial filling (PF) ACE was combined
with adsorption energy distribution to determine the hetero-
geneity of interaction of apoB-100 containing lipoproteins and
their antibodies.®” The interaction proved homogeneous and PF-
ACE results were in alignment with quartz crystal microbalance
experiments.

The use of CE for studying enzymatic activity and inhibition
gained attention. The inhibition of human neutrophil elastase
was studied using both transverse diffusion of laminar flow
profiles (TDLFP) and microscale thermophoresis with LIF
detection® (Figure 6). Two natural pentacyclic triterpenes,
ursolic and oleanolic acid, were used to validate the developed
CE assay. The method enabled estimation of the ICy, and K;
values of these interactions, which were in agreement with those
reported in the literature. In a similar work, cIEF-LIF was
compared to CZE for its ability to simultaneously study
composition and inhibition of multiple protein kinases.*” The
method was successful regardless of structure and charge of the
substrate peptides. The use of nanogels to physically constrain an
enzyme in a separation capillary while performing electro-
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phoretically mediated microanalysis (EMMA) was proposed for
improving sensitivity and separation specificity.”’ As immobiliza-
tion of enzymes is not required, more precise estimation of the
Michaelis—Menten constants was achieved. Moreover, it enabled
the study of different degrees of stereo specificity in the presence
of substrates with different linkages. A comparison between
EMMA, pressure-mediated microanalysis, and a spectrophoto-
metric assay was reported for probing the enzyme kinetics of
tyrosinase and its inhibition by kojic acid.”"

MS detection has been introduced in ACE in order to assess
the interaction of heterogeneous proteins with a target protein.””
This approach allowed multiple parameters to be established in a
single run: (i) molecular weight of the separate protein
components, (ii) determination of protein—protein dissociation
constants, and (jii) determination of the protein complex
stoichiometry. Similarly, CE-MS with preincubation was used
to estimate the kinetic constants of the degradation of hyaluronic
acid by hyaluronidase”™ and for the screening of f-secretase
inhibitors as potential Alzheimer’s disease therapeutics.”

Nucleic Acids. Kanoatov and Krylov pointed out that an
ACE experiment under physiological relevant conditions for the
study of DNA-ligand interactions is feasible. With DNA
molecules in phosphate buffered saline, they used a pressure-
facilitated nonequilibrium CE of equilibrium mixtures approach
to attain insights in DNA-ligand kinetics.”® Similarly, Tohala et al.
used native separation conditions to study the interaction
between homopolymeric sequences and weak DNA binding
enantiomers.”®

Studies focusing on the CE analysis of microRNA (miRNA)
remain scarce. Recent advances in separation performances for
long noncoding RNA may alter this.”” Direct separation of
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miRNA with CE is not always trivial and often requires an
additive to the buffer for enhanced performance. ssDNA can be
used for such purposes as was shown by Wegman et al,, using a
hybridization assay with miRNA-specific DNA probes labeled
with a fluorophore for LIF detection.” To separate the miRNA-
DNA hybrids from each other and from the probe excess, an
ssDNA binding protein as well a different sizes of probes were
incorporated in the workflow. The developed approach was
sufficiently robust to allow its integration with sample
preconcentration by ITP to achieve an LOD below 10 pM

A CE-LIF method for the analysis of the nucleosides
adenosine (Ado) and inosine (Ino) in brain samples was
developed.” Interestingly, the fluorescently labeled analytes
exhibited about 25-fold fluorescence enhancement upon the
formation of inclusion complexes with y-CD. Ado and Ino were
simultaneously quantified in homogenized rat forebrain samples,
which were desalted by ultrafiltration in the presence y-CD,
concentrated on-capillary by LVSS to achieve detection limits of
32 and 38 nM for Ado and Ino, respectively.

Although often the identification of nucleic acids is done by
polyacrylamide gel electrophoresis, or PAGE, and polymerase
chain reaction, or PCR, analysis, the capability of attainin%
insights in post-transcriptional modifications is limited."
Recently, CE-MS was used to identify and quantify these
modifications.'”" The authors could detect two endogenous
human circulating miRNAs isolated from B-cell chronic
lymphocytic leukemia serum. The CE separation and following
MS analysis provided label-free quantitation and revealed 5'-
phosphorylation and 3’-uridylation as modifications of miRNAs.

Viruses and Bacteria. Van Tricht et al.'”” developed a
capillary gel electrophoresis (CGE) method for fast and selective
characterization and quantification of viral proteins in influenza
vaccines. Dilution of the gel buffer allowed higher separation
voltages which led to shorter run times and improved efliciencies.
The CGE method allowed analysis of 100 samples in 4 days
making it very suitable for quality control purposes. In order to
enable characterization of low quantities of adeno-associated
virus capsid proteins, Zhang et al. developed a head-column
FASS method as an online sample preconcentration technique
compatible with CGE'** (Figure 7). The effects of a short water
plug, SDS concentration both in sample matrix and in the matrix
exchanging solution, as well as the effect of sample injection time
were investigated. With LODs in the low-picomolar range, the
new method provided 3 orders of magnitude sensitivity
enhancement as compared to conventional CGE.

CZE was used for the quantitative analysis of intact adenovirus
types Ad26 and Ad3S$, both in the upstream and downstream
processing.'** Because of the complex matrix and the adverse
effects of adsorptions in the bare-fused silica capillaries, charged
and neutral capillary coatings were tested. Best results were
obtained with neutrally coated capillaries in combination with
the use of polysorbate-20 in the BGE, low capillary temperatures,
and pre- and in-between-run flushing with phosphoric acid. A
study by Betonville et al. showed similar results in terms of
method requirements for intact virus-like particles of human
papillomavirus.'”> Moreover, the presence of polysorbate in the
sample was indicated to avoid viral particle adsorption to the
sample container.

CE has also been evaluated as a tool for the separation and
characterization of living bacterial cells. Phung et al. used a dual-
stage ITP method for the inline fluorescence in situ hybridization
(FISH) and subsequent quantitation of bacteria.'’® ITP was
recommended as it seems to enhance hybridization kinetics.
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Figure 7. Comparison of sample stacking to conventional CGE. Top
trace: conventional CGE analysis of three capsid proteins (i.e, VP3,
VP2, and VP1). Middle trace: Sample stacking analysis of the same three
capsid proteins. Bottom trace: Sample stacking analysis of SDS-MW
Size Standards (10—225 kDa). Indicated concentrations are total
protein concentration. Reproduced from Zhang, C. X.; Meagher, M. M.
Anal. Chem. 2017, 89, 3285—3292 (ref 103). Copyright 2017 American
Chemical Society.

With an LOD (6.0 X 10* cells/mL) comparable to the CE
analysis of a sample processed using an offline FISH protocol, the
total analysis time was reduced from 2.5 h to 30 min. With the
selection of the appropriate hybridization probe, this approach
could be used for specific detection of bacterial cells in aqueous
samples.

The characterization of intact phytopathogen bacteria was
investigated using cIEF, CZE, and matrix-assisted laser-
desorption ionization-time-of-flight (MALDI-TOF).""” In
total, 43 strains of the Dickeya and Pectobacterium species
were selected among of which some that could not be classified
with the traditional methods. In the case of cIEF, the major
challenge was the similarity on the pI values of some subspecies.
On the other hand, most of these species could be discriminated
unambiguously by CZE. Most discriminatory power was
obtained with MALDI-TOF-MS as unique mass spectral profiles
were obtained for all respective species or subspecies.

Metabolites. One of the major applications of CE relates to
the determination of metabolites in various types of biologically
relevant samples. MS detection plays an important role since
many metabolites cannot be optically detected without prior
derivatization, and it provides opportunities for the identification
of unknowns. To aid in the latter, a chemoinformatics approach
for ranking candidate structures of unidentified peaks was
developed."® The approach uses information about the known
metabolites detected in samples containing unidentified peaks
and was successfully applied to identify two unknown
compounds observed in a CE-MS urinary metabolite profile.
Another study focused more on big-data handling in a SPE-CE-
MS for identifying biomarkers (in mice) related to Huntington’s
disease.'”” The workflow ensured significant data reduction prior
to multivariate curve resolution asymmetric least-squares
analysis.

Cationic metabolite profiling by CE-MS is routinely applied,
however, profiling of anions proves more problematic.
Yamamoto et al. showed that alkaline ammonia-based buffers
(pH > 9) often used for these analyses react with polyimide outer
coatings of fused-silica capillaries resulting in frequent capillary
fractures and poor long-term performance.''’ By making minor
adaptations to the BGE, robust high-throughput profiling of
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anionic metabolites was achieved. In an alternative approach,
Gulersonmez et al. show that anions can also be analyzed using a
method normally applied for cationic profiling.''" By applying a
reversed polarity separation with additional pressure, migration
of the anions toward the mass spectrometer was ensured.

A targeted CE-TOF-MS method was established that enables
identification of potential biomarkers for hepatocellular
carcinoma based on the creatine/betaine ratio.''” In a similar
targeted approach, the metabolic changes in the polyamine-
pathway produced in colon cancer HT-29 cells by difluor-
omethylornithine were investigated.''* More global profiles were
used to look into metabolic changes related to, for example, type
2 diabetes mellitus evolution''* and the effect of exercising.''”
Single-cell CE-MS analysis with multisolvent extraction was used
to identify metabolic differences between left and right
blastomeres in 8-cell frog embryos.''® To quantify metabolite
production between left and right cells, they analyzed 24 different
cells in technical duplicate—triplicate measurements. Statistical
and multivariate analysis revealed 10 distinct metabolites that
were significantly differentially accumulated in the left or right
cells. Other fields of CE-MS activity over the last years included
pharmaceutical,1 7 food,"'® and plant metabolism.""’

Notably, in many metabolomics studies CE-MS was used next
to other analytical platforms. CE-MS often is used to target
highly polar analytes, like amino acids, organic acids, and
carnitines,"*”'*" although in untargeted approaches also often a
significant overlap with other platforms is observed.'”

Amino Acids. The sensitivity of a CE-based method for AA
analysis and characterization is highly associated with their
derivatization, a process that can be laborious, time-consuming,
and difficult to standardize.'** Two optimized methods were
developed using EMMA'*® and TDLFP"** with simultaneous
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on-capillary derivatization of standard AAs by naphthalene-2,3-
dicarboxaldehyde allowing LIF detection. Optimal reactant
mixing was achieved by TDLEFP, leading to a more generic and
robust methodology. However, the optimized EMMA approach
proved to be most suitable for human plasma analysis. AAs from
Dunaliella salina green algae were analyzed by CE-LIF after
labeling with fluorescein isothiocyanate using microwave-
assisted derivatization at 80 °C (680 W) minimizing the
derivatization time to 150 s.'*

A new CE-ESI-MS method was proIposed for separation and
quantitation of nonstandard AAs.'*° After optimization,
separation of 27 AAs, including the isomers L-leucine, L-
isoleucine, and L-alloisoleucine, was achieved in less than 30
min. The applicability of the method was demonstrated for urine
samples from children with vesicoureteral reflux and was
proposed as a potentially useful diagnostic tool to inspect these
samples.

An alternative approach for detection of low or non-UV
absorbing compounds like AAs in CE was developed. It is based
on a photochemical reaction of the AAs in the detection window
of the separation capillary under strong alkaline conditions,
introducing a chromophoric group.'”” A systematic study was
conducted focusing on the reaction mechanism, the influence of
BGE concentration, and the irradiation time of analytes in the
detection window. The method was successfully applied to the
determination of seven essential AAs.

The use of proteases for generation of AAs for C-terminal
sequencing of peptides was reported by Tian et al."** (Figure 8).
The described method involved carboxypeptidase Y (CPY)
digestion in combination with rapid online derivatization using
OPA/p-ME and optically gated CE with LIF detection. Gaining
temporal resolutions of 50 s and the possibility to measure AA
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release in a time-dependent manner were some of the method’s
advantages.

Chiral separation of AAs is an active field of study due to the
importance of p-AAs for living organisms. More recent
approaches focus on the development of chiral ligands™ and
different derivatization agents,'*” as well as the coupling of these
approaches with MS. Prior et al. developed chiral CE-MS
methods for enantioselective analysis of proteinogenic AAs in
biological samples."*”"*" One method employed -CD as chiral
selector and fluorenylmethyloxycarbonyl chloride as derivatiza-
tion agent yielding improved AA enantiomer separation and ESI
efficiency. In the other method the use of involatile chiral
selectors is circumvented by employing (+)-1-(9-fluorenyl)ethyl
chloroformate as a chiral AA derivatizing agent and ammonium
perfluorooctanoate as a volatile pseudostationary phase for
separation of the formed AA diastereomers. D-AA detection in
cerebrospinal fluid was shown for both methods. A similar, fully
automatized CE-MS method using in-capillary derivatization
enabled the successful separation of the diastereomeric
derivatives of 14 AAs."*” A different approach was followed in
order to distinguish between AAs formed by abiotic versus biotic
processes using their chemical distributions.'** AAs were labeled
with S-carboxyfluorescein succinimidyl ester and two separation
methods ensured fingerprinting of all 17 relevant AAs.

Peptides. CE-MS of peptides has become quite a routine
technique and is applied frequently in untargeted proteomics and
peptidomics fields. For example, urine samples were screened for
peptides'**™"*7 as suitable biomarkers of disease, revealing
specific biomarkers related to heart failure,"** deep vein
thrombosis, and pulmonary embolism.'*® Related to this, the
suitability of mice as models for human aging was investigated by
investigating the urinary proteome of the mice."*” Advanced CE-
ESI-MS was used for quantitative analysis of diverse proteins in
single embryonic cells using untargeted bottom-up proteo-
mics."**"*” The identification of 500—800 protein groups was
achieved from single blastomeres isolated from 16-cells of frog
embryos, with minimum derivatization steps and label-free
quantification for single cells.*’

As LC-MS is the predominant proteomics technology, several
studies focused on benchmarking CE-MS against LC-MS. For
example, a systematic comparison between UPLC-MS/MS and
CZE-MS/MS for analysis of an enriched phosphoproteome from
the MCF-10A cell line showed that, when the same sample
loading amounts (2—200 ng) are used, CZE-MS/MS consis-
tently outperformed UPLC-MS/MS in terms of phosphorylated
peptide and total peptide identifications.'*” For Xenopus laevis
fertilized egg digests, which were prefractionated by RPLC,""’
4134 and 5787 proteins could be identified by CE-MS and LC-
MS, respectively. The combination of orthogonal separation
technologies as RPLC and CE can significantly improve protein
coverage, as also shown for the complex proteome of a yeast
mitochondrial extract.'**

CZE-MS has shown to be very powerful for the character-
ization of post-translational modifications (PTMs) on the
peptide level. A sheathless CZE-ESI-MS/MS method was
developed for separation of asparagine deamidation (deaN)
and aspartic acid isomerization (isoD)."*> CZE could separate
the unmodified peptide from modified homologous exhibiting
deaN, isoD, or both with a resolution above 1.29. The CE-MS
method was successfully applied for the characterization of
PTMs on monoclonal antibodies and complex protein mixture.
In a similar study, CE-MS with a sheathless interface was used to
analyze challenging modifications, such as asparagine deamida-
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tion, aspartate isomerization, arginine citrullination, and
phosphorylation.'** High resolution was achieved for asparagine,
aspartic acid, and isoaspartic acid containing peptides. Applying
the CE-MS method for fast and sensitive analysis of intact and
enzymatically digested histone H4 revealed a variety of
citrullinated proteoforms.

Surfactants often present a source of undesirable interferences
during (glyco)proteomics studies. Whereas the surfactants are
required to ensure full digestion, their elimination at low pH
(when using RapiGest) has shown to lead to loss of sialic acid
residues on glycan structures of transferrin and distortion of
glycopeptide peaks in general."*> Changing the type of acid and
sample desalting helped minimizing desialylation and excellent
peak shapes were obtained. CE enabled fast and efficient
separation of the sialylated glycopeptides improving detection
sensitivity due to decreased ion suppression. Differences in
transferrin glycoforms serum from a healthy control and patients
with congenital disorders of glycosylation could be observed.

Proteins. CE holds very strong potential for intact protein
analysis and methodological improvements remain the subject of
research. Double injection capillary zone electrophoresis was
used for identification of human chorionic gonadotropin.'*’
Samples of unknown content were analyzed together with a
reference standard and identification was based on the closeness
of agreement between the observed migration times of the two
peaks. Fu et al. used velocity gap CE to separate groups of
reference protein mixtures, obtaining increasing separation
efficiency, especially for low-abundance protein species. *’

A CE-TOF-MS method was developed for the character-
ization of intact Mpycobacterium tuberculosis (TB) antigens
TB10.4 and Ag85B and their chemically produced %lycoconju-
gates, which are glycovaccine candidates against TB."*® A SMIL
coating of Polybrene-dextran sulfate-Polybrene was used in
combination with acetic acid as BGE in order to prevent protein
adsorption and allow the efficient separation of different antigen
proteoforms and degradation products. The presence of several
closely related degradation products, including truncated,
oxidized, deamidated, and conformational variants, were revealed
next to the glycoform composition of the neo-glycoproteins.

CE allows protein analysis under near-physiological con-
ditions, allowing detection of the different conformers. 715!
For example, the unfolding of wild-type f2-microglobulin under
nondenaturing conditions was investigated with CE-UV'* and
CE-ESI-MS."™ In the latter study, several interfaces and mass
spectrometers were compared. With CE-ESI-TOF MS proteo-
forms differing by 1 Da only could be assigned and sheathless
interfacing appeared best suited to preserve protein structure
integrity. A CE-MS method developed to separate the con-
formers and dimers of the drug antithrombin employed a neutral
poly(vinyl alcohol)-coated capillary.">" The protein conforma-
tion was preserved by using a BGE at physiological pH. The
developed method allowed the detection of the native, latent, and
heterodimer conformers in formulation.

Iwabuchi et al. developed a CGE method for a-synuclein using
nonlinear laser wave-mixing detection, which has a quadratic
dependence on analyte concentration, allowing small changes in
concentration to be monitored."*” Various fluorescently labeled
protein oligomers could be separated and detected down to sub-
pM concentrations, making the method potentially suitable for
Parkinson’s Disease diagnostics. In another method, prostate
specific antigen (PSA) was isolated from serum in a way that is
compatible for further analysis with CZE.'>® The protocol
employs an anti-PSA column for isolation. SDS-PAGE followed
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Figure 9. (A) CGE-LIF generated human plasma N-glycan fingerprints. Signal intensity in relative fluorescence units [RFU] is plotted over the
normalized migration time [MTU"]. The fingerprint is of a native (sialylated) frozen normal control plasma-derived N-glycome, labeled with APTS. (B)
Evaluation of the intraindividual and interindividual variability of the plasma N-glycome, by plotting three peaks (high, middle, and low abundance) over
the sampling time points (volunteer 3, blue circles; volunteer S, red squares) and making box plots of the relative peak height over the whole time period
per volunteer and total population. Reprinted (adapted) from Biochim. Biophys. Acta Gen. Subj., Vol. 1860, Hennig, R., Cajic, S., Borowiak, M,
Hoffmann, M., Kottler, R, Reichl, U., Rapp, E., Toward personalized diagnostics via longitudinal study of the human plasma N-glycome, pp. 1728—
1738, DOL: 10.1016/j.bbagen.2016.03.03S, under the terms of the Creative Commons Attribution License (CC BY) (ref 164).

by Western blotting, circular dichroism, and CZE were used to
check for possible protein alterations during the procedure. A
CZE method for the characterization of human serum protein
components like immunoglobulins and albumins was described
by Christians et al."** As all requirements of the ICH guidelines
on validation were met, the developed method could replace
conventional CGE methods used to characterize these proteins.

Carbohydrates. CE methods remain of particular interest
for identification and quantification of carbohydrates (CHs).
CHs are typically UV inactive and require additional
consideration or treatment to achieve their detection. These
involve indirect UV,">* complexation with a ligand for direct UV
analysis,lSG or derivatization with, e.g., the fluorescent label APTS
for subsequent LIF detection.”’
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CGE-LIF is commonly used for the analysis of released
glycans. For identification purposes, a software tool was
developed that correlates the relative migration of a glycan to a
glucose size ladder and expresses this in so-called glucose unit
(GU) values."*® A database with known structures and correlated
GU values aids in identifying structures. GU values strongly
depend on temperature, making temperature control essen-
tial.">” Interestingly, by using a temperature gradient during the
CGE separation, the separation selectivity for branched glycans
can be incresed.”””'®” This method was demonstrated for
mixtures of complex N-glycans (afucosylated, fucosylated, and
high mannose oligosaccharides) of biopharmaceutical and
biomedical importance. In order to overcome the problem of
migration-time shifts, a triple-internal standard approach was

DOI: 10.1021/acs.analchem.8b00015
Anal. Chem. 2018, 90, 1464—1481


doi:10.1016/j.bbagen.2016.03.035
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1021/acs.analchem.8b00015

Analytical Chemistry

proposed.'®" Glucose a-1-4-linked oligomers with a degree of
polymerization of 2, 3, and 15 were employed. The method
provided small errors and showed to be in good agreement with
available reference data. Another study looked into determi-
nation of activation energies of migration regarding maltooligo-
saccharides with and without the presence of a monomeric
viscosity modifier (ethylene glycol) and a polymeric additive
(linear polyacrylamide) in correlation with the GU.'®* This study
provided an insight in molecular conformation changes of the
labeled glycans and possible matrix interaction effects.

Normally, glycans are released from protein in solution.
However, within biobanks there are many formalin fixated and
paraffin embedded (FFPE) tissue samples of which glycan
profiling could be of interest. CGE-LIF was used to identify
possible protein N-glycosylation alterations due to FFPE.'®* The
N-linked sugars of FFPE treated samples were released using
PNGase F digestion. No significant changes were revealed in the
N-glycome profile upon FFPE, indicating that global N-glycome
analysis on the FFPE samples might be feasible.

Hennig et al. performed a longitudinal sampling for biomarker
discovery'®* (Figure 9). For this complex study, the analysis of
the plasma N-glycome was performed by multiplexed CGE-LIF.
The results proved a long-term stability of the plasma N-glycome
over the examined period of seven years and minor longitudinal
changes are more correlated with lifestyle and environmental
factors. This work can be considered a step forward for
personalized diagnostics.

Guan et al. developed a CE method for the precise and
accurate determination of glucose levels in blood."® The first
part of the capillary is used as a microreactor for the coupled
enzymatic assay of glucose oxidase and horseradish peroxidase.
These enzymes are separately injected and govern two sequential
reactions, where through peroxide formation a fluorogenic
reagent is converted into fluorescein. The latter is subsequently
separated via CE analysis from the other reagents and detected
with LIF. LODs were down to 10 nM and the method showed
potential toward additional peroxide generating systems.

In the work of Bucsella et al, a CE-UV method utilizing
dynamic coating for the separation and quantification of
structurally very similar nucleotides and nucleotide sugars was
developed.'® A total of 11 nucleotides and 6 nucleotide sugars
were analyzed. The addition of PEG was indicated to enhance the
separation efficiency. The method was tested for Chinese
hamster ovarian cell extracts where 3 sugar nucleotides and 7
nucleotides were identified and quantified.

Pharmaceutics. Biopharmaceuticals. CE has emerged as an
essential tool for the characterization of biopharmaceuticals,
including mAbs, using both intact and middle-up approaches. A
useful protocol based on a two-phase-four-step mode was
proposed for rapid CZE method development for top-down and
middle-up analysis of mAbs.'®” This approach focused on the
screening of the effect and subsequent optimization of the pH
and ionic strength of the BGE, the percentage of organic additive,
and viscosity enhancer. The protocol was tested using
commercially available mAbs.

The dose determination of a newly developed recombinant
subunit envelope protein-based vaccine against all four serotypes
produced in Drosophila S2 cells was performed in a comparative
study comprising LC and CE methods.'®® CZE appeared more
suitable as a concentration assay for the tetravalent dengue
subunit-based vaccine as separation of all four units was achieved.

Francois et al. described the use of offline CZE-UV/ESI-MS
for the middle-up characterization of Fc/2 variants of
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cetuximab.'®” Obtained mass spectral information was cross-
validated with CZE-UV/MALDI-MS. In a subsequent pub-
lication, a top-down characterization after sample enrichment
using CE-UV/MALDI-MS was used for the middle-down
characterization of Fc/2 cetuximab variants.'’® About 9%
sequence coverage of Fc/2 cetuximab fragments was achieved,
showing the feasibility of the strategy for middle-down
characterization. CZE separation was mainly based on Fc/2
fragments with and without C-terminal truncation.

A sheathless CZE-MS method for middle up analysis of the
antibody-drug conjugate (ADC) brentuximab vedotin was
developed.'”" Native MS was achieved using a nanoESI infusion
apparatus, which allowed accurate mass determination with
parallel estimation of the average drug to antibody ratio and drug
load distribution. In a further step, middle up CZE-ESI-MS/MS
analysis was performed after proteolysis with IdeS. This method
increased the level of characterization, as complete amino acid
sequence identification was achieved alongside glycosylation and
drug-loaded-peptides. A similar approach was used for the
analysis of the ADC trastuzumab emtansine.'”” Here, various
analytical techniques including MS, imaging cIEF, and CGE were
used for structural characterization and probing protein
interactions.

The charge heterogeneity of mAbs is an important quality
attribute. An improved method for the characterization of the
acidic and basic variants of an IgG1 antibody utilized preparative
immobilized pH gradient isoelectric focusing fractionation.'”
The fractions were further characterized by CGE and Lys-C
peptide mapping via LC-MS/MS. Deamidation, sialylation,
glycation, and fragmentation were identified as the main
modifications contributing to acidic variants of the mAb, whereas
C-terminal lysine, C-terminal proline amidation, and uncyclized
N-terminal glutamine were the major species contributing to the
basic variants. Another approach for isolation of mAb charge
variants was based on FFE. "* Both acidic and basic variants were
successfully identified and related back to the cIEF charge profile.
SEC, CGE, reduced and intact LC-MS, and LC-MS/MS tryptic
peptide mapping were subsequently used to characterize the
collected fractions.

In many studies CGE is employed to characterize mAbs. The
United States Pharmacopeia (USP) has released a protocol for
this method. However, it was shown that the USP method run
under nonreducing conditions induced fragmentation for three
different mAbs.'”> An in-house developed method did not show
this extent of fragmentation for the same samples. The findings
support the conclusion that molecule-specific methods are still
essential to minimize method induced artifacts and address
molecule specific behavior.

Incompatibility of the separation medium components is one
of the greatest limitations in hyphenation of separation
technologies with MS detection. A CE-MS method was recently
developed for the analysis of mAbs in SDS-complex matrixes.'”®
This in-capillary approach incorporates the coinjection of
cationic surfactants (CTAB or ADBAC) in the presence of
methanol. Successful removal of the SDS was achieved in neutral
coated capillaries as well as positively charged coated ones with
simultaneous application of reversed polarity. This method
allows direct MS analysis of SDS denatured antibodies and
protein samples without extensive sample pretreatment. The
same authors also presented a heart-cut CZE-CZE-MS setup
with an implemented mechanical four-port valve that used a
generic g-aminocaproic acid based BGE in the first dimension
and acetic acid in the second dimension'’” (Figure 10).
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Figure 10. (A) Complete two-dimensional CE-CE-MS setup. During the separation in the first dimension, the mechanical valve is kept in the loading
position (top), where the sample loop is connected to channels S and W. When the desired analyte is located in the sample loop, the valve is switched to
the inject position (bottom), transferring the analyte from the first dimension to the second dimension. (B) CZE-UV electropherogram of
deglycosylated trastuzumab. Separation was performed with the CE-CE-MS setup. The raw and deconvoluted mass spectra obtained after the second
dimension separation of the main variant (M, 10-nL cut), acidic variant A2 (20-nL cut), and acidic variant A3 (20-nL cut) show the presence of
deamidated antibody variants. Adapted by permission from Springer, Anal. Bioanal. Chem., Two-dimensional capillary zone electrophoresis—mass
spectrometry for the characterization of intact monoclonal antibody charge variants, including deamidation products, Joof, K., Hiihner, J., Kiessig, S.,
Moritz, B., Neusiif, C., Vol. 409, pp. 6057—6067, Copyright 2017 (ref 177).

Interference-free, highly precise mass data (deviation less than 1
Da) of charge variants of trastuzumab were obtained.

In order to facilitate large scale N-glycosylation analysis,
multiplexed CGE-LIF has sparked interest. The technique was
used to evaluate the purification of rhEPO glycoforms when
using serotonin as affinity ligand for preparative chromatography
by monitoring changes in the N-glycan fingerprint.”® An
automated sample preparation workflow based on a magnetic
bead protocol for N-glycosylation analysis of antibodies was
proposed.'”” The protocol comprised the endoglycosidase
digestion, fluorophore labeling, and cleanup, with CGE-LIF
separations of less than 3 min, leading to the entire analysis of the
96-well plate format in a couple of hours. Along the same lines, a
multiple injection approach for rapid large scale CE analysis
followed by multicomponent optical detection with LIF was
proposed.'™ As a proof of principle, the protocol was applied for
rapid and large scale analysis of major monoclonal antibody
(IgG) N-glycans. Nearly 100 samples were introduced in a single
capillary, leading to a full analysis time of 4 h rather than 12 h
when the conventional approach was applied. For the analysis of
even more complex samples, the potential of multidimensional
systems were explored. A multiplexing CE mapping method was
introduced for the identification of N-glycans of two human IgG
samples that gave similar electropherograms, in both CZE and
MEKC modes.'®" Different orthogonal CE separation mecha-
nisms were combined in parallel applications of CZE, MEKC,
and CGE all providing acceptable detection limits, repeatability,
and linearity. The combination of CZE and MEKC mechanisms
showed optimal orthogonality allowing a larger space for glycan
analysis.

A CZE-ESI-MS/MS method was developed for the intact
analysis of recombinant human interferon-f1 (rhIFN-f1), a
biopharmaceutical with complex glycosylation at a single N-
linked site."®” Top-down MS/MS and exoglycosidase digestion
were applied in order to elucidate the complex structures.

1476

Charged species due to deamidation and sialylation were
sufficiently separated by CZE, and high resolution MS and
MS/MS along with the enzymatic treatments proved essential for
characterization.

Low-Molecular-Weight Drugs. CE in all of its variants is well-
established in analysis of small drug analysis. Recent work
focused on sensitivity improvement by including sample-stacking
approaches'**'** and probing drug chirality."*>"*°

A fast CZE method for the simultaneous analysis of
glibenclamide and its impurities (I, and Iy) in pharmaceutical
dosage forms was fully developed within a quality by design
framework."®” Critical quality attributes were represented by I,
peak efficiency, critical resolution between glibenclamide and Iy,
and analysis time. After optimized conditions were selected, the
full separation of the analytes was obtained in less than 2 min.
The method was fully validated and was applied to real samples
of glibenclamide tablets.

Mala et al. describe the combination of electrophoretic
focusing on inverse electromigration dispersion (EMD) gradient
with ESI-MS detection.'*® The separation of analytes along the
electromigrating EMD profile proceeds so that each analyte is at
a particular position governed by its pK, and ionic mobility. The
focused zones are transported to the capillary end by
electromigration, electroosmotic flow, and ESI suction. The
system allowed sensitive analyses of trace amounts of weak acids
in the pK, range between 6 and 9. The analysis of several
sulfonamides at the nanomolar-level in waters was reported.

A new method for screening tyrosinase inhibitors from
traditional Chinese medicines utilizing immobilized enzyme
reactor technology was described.'®” Parallel molecular docking
was used to investigate the interaction between the enzyme and
inhibitors. Aiming for high-throughput and shorten analysis time,
a short-end injection in CE was implemented, leading to a
successful method with which four compounds were determined
as tyrosinase active inhibitors.
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Interactions between the consumed drug and HSA and other
serum proteins play a major role in drug distribution and
pharmacokinetics. Fluorophore-assisted carbohydrate electro-
phoresis was used for the evaluation of the affinity and drug—
protein interactions between HSA or its equivalent glycated form
and the first generation of sulfonylurea antidiabetics.'”® The
binding constants vary between the different drugs for normal
and glycated human serum albumins, with glycated giving lower
values.

Polymers. CE finds increasing application for the character-
ization of complex (bio)polymers. CE under critical conditions
has shown to be a suitable approach to separate both natural and
synthetic charged polymers.'”" Composition distributions
heterogeneity of branching could be probed by the obtained
separation distributions. The dispersity was quantified, including
monitoring of grafting on polymers. Using peak dispersity values,
a numerical representation of the mobility and composition
distributions was calculated allowing comparisons between
samples.

Nitrocelluloses (NCs) and glycosaminoglycans (GAGs) have
also been analyzed by CE. Alinat et al. provided a method for the
characterization of nonexplosive NCs.'”> The CE instrument
was used as a viscometer rather than for separation. The viscosity
of NC samples was successfully correlated to molecular weight
and nitrogen content. A CE-MS method to characterize the GAG
heparin was developed by Lin et al,'” based on a method
proposed earlier.'”* Reverse polarity CE separation and negative-
mode electrospray ionization were optimized using a volatile
methanolic ammonium acetate BGE and sheath liquid. An
Orbitrap mass spectrometer appeared useful in disaccharide
compositional analysis and bottom-up and top-down analysis of
low molecular weight heparin.

A CE-UV method was developed for the qualitative and
quantitative determination of oligosaccharides.'” Reference
compounds consisting of five xylo-, three manno-, and five
cello-oligosaccharides were concurrently measured in a highly
alkaline solution without derivatization. The method was applied
for the determination oligosaccharides from hot-water extracts of
a bleached birch and pine kraft pulp in order to study the
degradation of hemicelluloses into oligosaccharides as functions
of time and temperature.

Binding characteristics of oppositely charged poly(L-lysine)
(PLL) and copolymers of acrylamide and 2-acrylamido-2-
methyl-1-propanesulfonate (PAMAMPS) were determined by
frontal analysis continuous CE at different ionic strengths.'*®
PAMAMPS charge densities between 15% and 100% were
investigated showing that the chain stoichiometry decreases with
increasing PAMAMPS charge density, while the charge
stoichiometry was in good agreement with a general predicting
rule. Modeling of binding constants was used to predict the
interaction binding constant between PLL and PAMAMPS of
different charge densities at a given ionic strength.
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