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Abstract

This review article describes the significant recent advances in analysis of proteins by capillary 

and microchip electrophoresis during the period mid 2014 to early 2017. The review highlights the 

progressions, new methodologies, innovative instrumental modifications, and challenges for 

efficient protein analysis in human specimens, animal tissues, and plant samples. Protein analysis 

fields covered in this review include analysis of native, reduced, and denatured proteins in addition 

to Western blotting, protein therapeutics and proteomics.

1. Introduction

Since proteins are the functional units of the cellular machinery they provide significant 

information regarding the molecular basis of health and disease.1 Hence techniques to 

separate and isolate various proteins in a given sample are critical to studying and 

understanding their functional characteristics. It has been known for more than a century that 

proteins can travel under the influence of an electric field.2–4 However, the use of this 

phenomenon for routine chemical separation did not occur until the late 1930s when Arne 

Tiselius demonstrated that electrophoresis could be applied for separation of serum proteins 

(albumin, α-, β-, and γ-globulin).5, 6 This approach by Tiselius was later recognized by a 

Nobel Prize in 1948.7 In the last four decades massive advancements in detection modes, 

operation speed, automation, and miniaturization of electrophoresis have taken place. 

Consequently, electrophoresis became a considerable analytical technique in several basic, 

environmental, biomedical, forensic, and clinical laboratories.8–12 The technique in its major 

platforms, capillary electrophoresis (CE) and microchip electrophoresis (MCE), is 

characterized by high separation efficiency, fast analysis time, ease of operation, and low 

sample and electrolyte consumption.13–15 Different modes of electrophoresis including 

capillary zone electrophoresis (CZE), capillary gel electrophoresis (CGE), isotachophoresis 

(ITP), micellar electrokinetic chromatography (MEKC), and isoelectric focusing (IEF) 
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interfaced with various detection modes including laser-induced fluorescence (LIF), 

ultraviolet (UV), and mass spectrometry (MS) have been used for protein separations and 

analyses in different samples.16

The aim of this review is to present substantial developments within all above fields of 

protein analysis by CE in the last three years. This review does not aim to be comprehensive 

but rather to show the major progress in protein analysis by CE and MCE. Recent review 

articles have been published highlighting protein analyses by CE,16 MCE,17 and in 

proteomics.18, 19 Our review highlights the most important developments regarding protein 

analysis using CE and MCE. Specifically, new advances in overcoming protein adsorption 

for CE and MCE methods, the use of various CE modes for protein analysis, the 

development of novel materials for MCE, interfacing CE with MS detection for protein 

analysis, further enhancements in preconcentration technique for improved sensitivity, and 

developments of CE/MCE in the applications of proteomics and protein therapeutics. It is 

hoped that by gathering these important developments into one review, it will guide future 

workers with respect to the current state-of-the-art for protein analysis and what is needed 

for these techniques to expand beyond their current niche.

2. Separation Modes and Conditions

Electrophoresis is a separation technique that separates analytes based on their charge-to-

size ratios.20 While the separation typically takes place in a narrow-bore silica capillary in 

CE, it is usually performed in a planar microfluidic device in MCE. CE and MCE occupy a 

distinctive position within the separation science field and are considered in many ways as a 

hybrid between slab gel electrophoresis and LC and are usually compared with these two.21 

Due to the high throughput, in addition to the above mentioned advantages of 

electrophoresis, CE and MCE are now routinely used for separation of different types of 

analytes ranging from small ions to large proteins and DNA fragments.

One of the most notorious limitations in protein analysis by CE and MCE is the adsorption 

of the analytes onto the walls of the separation channel. This adsorption is basically due to 

the electrostatic or hydrophobic interactions of proteins with the charged fused silica 

capillaries.22, 23 This adsorption is reported to contaminate the surface and cause a 

progressive non-uniform ζ potential across the separation compartment which leads to 

unavoidable band broadening and/or peak asymmetry.22 As a consequence, protein 

adsorption results in poor repeatability of electroosmotic flow (EOF) and migration time, 

reduced detector response, skewed peak shapes, and decreased resolution and separation 

efficiency.24–27 The adsorption to the inner surface of the separation compartment creates a 

major obstacle in all applications of CE with protein-containing samples whether proteins 

are the target analytes or not.28 Much effort in the past few years has been devoted to 

circumventing this problem as will be detailed below. For further detailed explanations of 

this phenomenon the readers are advised to access the foundational literature in the field of 

CE for protein analysis.29–32
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2.1 CE

2.1.1 Advancements in Coatings for CZE—Capillary coatings are crucial for high-

performance separations of proteins in CE and CE-MS. Intuitively, coatings are required to 

prevent protein adsorption phenomena onto the capillary wall and to increase the 

repeatability of the separations as discussed above. Capillary coatings should thus ensure 

high separation efficiency and good repeatability. Different coating approaches have been 

explored and reviewed,33, 34 including covalently linked polymer coatings, physically 

adsorbed polymers, and dynamic coatings using either polymeric or small molecule 

additives in the background electrolyte.35, 36 One of the disadvantages of dynamic coatings 

is the possible interference with the separation and/or detection systems, especially with 

MS.37 The migration of the coating material to the MS causes signal suppression and 

contamination of the ion source.33 For this reason, permanent coatings are more versatile 

and attractive than dynamic ones. However, the recent advancements in dynamic coating 

materials are discussed below.

It is worth noting that coating is a powerful approach, however, other strategies could be 

utilized for alleviation of the adsorption issue. The most feasible of these is employing an 

extremely high- or low- pH background electrolyte (BGE) for the separation. This approach 

circumvents the interaction between proteins and the capillary wall through manipulation of 

the net charge on the wall and the protein molecules with low or high pH BGEs, 

respectively.37 However, in the last two years there has been no advancements in this 

approach while several papers described the improvement in capillary coatings.

Among these coating approaches, the successive multiple ionic-polymer layers (SMIL) 

represents an attractive alternative to covalently attached polymer coatings due to the simple 

and straightforward preparation and possible regeneration. The application of a multilayer 

ionic polymer for the improvement of protein separation performances in CZE mode was 

investigated.38 A systematic study comparing a broad library based on nine different 

polyanions and eight different polycations was undertaken. Among the 72 possible 

polycation/polyanion couples, one third (23 couples) were evaluated for the separation of a 

test mixture of five intact proteins. The best results were obtained with a system composed 

of poly(diallyldimethyl ammonium) (PDADMA) as a polycation and Poly(L-lysine 

citramide) (Plc) as a polyanion. The non cross-linked PDADMA/Plc 5-layers coatings 

provided RSDs on migration time as low as 0.1% and about 10% on N/l (where N is the 

plate number and l is the capillary length) for 100 successive injections. Capillary-to-

capillary reproducibility (n=3) was 1.2% on migration time and 7% on N/l. The separation 

performance of PDADMA/Plc was compared to that of a cross-linked poly(lysine)/

polyacrylamide (Pls/PAA) 5-layers coating as shown in Figure 1. The same group studied 

the influence of the BGE ionic strength on the electrophoretic behavior of five model 

proteins.39 The separations were performed in acidic (pH 2.5) environment and counter-EOF 

mode using a 5 layer PDADMA/poly(styrene sulfonate) (PSS) SMIL coating. It was found 

that the ionic strength has a strong influence on the mobility of proteins and on the EOF. It 

was also evidenced that the EOF mobility decreases faster (in absolute value) than that of 

proteins leading to a longer analysis time. However, the effective electrophoretic mobility 

window was reduced with increasing ionic strength which provided unexpectedly enhanced 
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resolution at low ionic strength (3–10 mM). Additionally, fully volatile buffers based on 

formic acid/ammonium formate at various concentrations were successfully used aiming for 

future investigation of the coating with MS detection.

In a comparative study for separation of plant proteins, the performance of three coating 

types was evaluated.40 The authors systematically compared the analytical performance of 

hydroxypropylmethylcellulose (HPMC) coated capillaries, polyacrylamide (PAA) coated 

capillaries (commercially available), and capillaries modified with 1-(4-iodobutyl) 4-aza- 1-

azoniabicyclo[2,2,2]octane iodide (M7C4I). The authors reported that the highest separation 

efficiency and repeatability were obtained with the PAA capillary. M7C4I was destroyed by 

the high organic solvent content in the BGE which limited its applicability for plant protein 

separation. HPMC was comparable to PAA, however, the RSD values for migration times 

were significantly higher than those for PAA.

In a short communication, a fully automated covalent linear polyacrylamide (LPA) coating 

procedure was investigated for efficient EOF suppression and separation of proteins.41 The 

authors adapted the Hjerten method42 for capillary coating; however, in the current 

approach, the capillary stays in the commercial CE instrument during the entire coating and 

regeneration processes. The fully automated process took advantage of the opposite 

electromigration properties of the negatively charged ammonium persulfate (APS) initiator 

and the positively charged TEMED catalyst with the uncharged acrylamide monomer filled 

capillary tubing. Prior to the polymerization reaction, the 3-(trimethoxysilyl)propyl 

methacrylate bifunctional reagent was covalently attached to the activated (NaOH treated) 

inner silica capillary wall via its silane functional group, while the free methacrylate group 

took part in the acrylamide polymerization process. A schematic of the automated process is 

shown in Figure 2. The resulted capillary coating was stable for up to 100 runs and was 

successfully applied for the separation of a test mixture of three proteins.

In a simple capillary wall coating, the assembly of polydopamine/polyacrylamide (PDA/

PAA) was examined for a single step surface modification.43 The rationale behind such 

combination depends on the fact that PAA contains several amide groups capable of 

functioning as hydrogen donor and acceptor. Consequently, intermolecular interaction is 

expected between PAA and a slightly alkaline dopamine solution to form PDA/PAA coating. 

The codeposition as well as the integrity and thickness of the coat were confirmed by atomic 

force microscopy (AFM), ellipsometry, water contact angle (WCA) measurements, and X-

ray photoelectron spectrometry (XPS). The coat provided effective EOF suppression and 

was exploited for the analysis of a mixture of acidic, basic and neutral proteins. The major 

limitation of the work is the significantly long time to prepare the mixed coat in order to 

reach a relatively constant value of the coating thickness (up to 24 h for PDA/PAA-10 kDa 

and at least 36 h for PDA/PAA-80 kDa to reach the saturation point of the coat).

In a two layer covalent coating approach, the use of a capillary coating of poly(N-vinyl 

aminobutyric acid) (PVAA) was demonstrated using diazoresin (DR) as a coupling agent.44 

The ionic bonding between PVAA and DR was converted into covalent bonding through 

UV-initiated cross-linking. The covalent coat showed good stability and repeatability (RSD

% of EOF was < 0.9 run to run and < 3.6 capillary to capillary, n=5) and was applied for the 
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separation of lysozyme, cytochrome c, amyloglucosidase, myoglobin, and BSA. The same 

group investigated a similar UV-initiated cross-linking of DR with cyclodextrin-derived 

(CD) dendrimer for creation of a covalent coat.45 The authors found that the highly branched 

(CD) dendrimer improved the separation efficiency when compared to the PVAA/DR system 

described earlier. Concomitantly, they compared the performance of DR/carboxyl fullerenes 

(C60-COOH) and DR/graphene oxide (GO).46 The covalently coated DR/C60-COOH 

capillary coatings presented good chemical stability and repeatability. The RSDs of 

migration times for the proteins were less than 2.5% after 100 continuous runs. Compared 

with DR/GO coatings prepared by the same method, the DR/C60-COOH capillary coating 

provided better stability due to the outstanding self-lubrication and low surface energy of 

C60 in the C60-COOH coatings. Recently, the same group reported a new method for 

fabrication of covalently cross-linked poly(ethylene glycol) (PEG) in a capillary.47 The 

authors used a diazotized PEG (Diazo-PEG) as a new photosensitive coating agent. The 

Diazo-PEG provided higher and more stable EOF suppression than DR/PEG previously 

reported by the same group.48

Phospholipid bilayers (PLBs) have proven useful as a capillary coating in CE analysis of 

proteins due to the inherent biocompatibility of the hydrated phosphorylcholine headgroup, 

which is highly protein resistant.49, 50 The primary drawback of this class of coatings 

remains their limited long term chemical and physical stability.24 In order to enhance the 

coating stability, the utility of hybrid phospholipid bilayers (HPBs) was studied and applied 

for the separation of cationic proteins.51 HPBs are formed by covalently modifying a support 

with a hydrophobic monolayer into which a self-assembled lipid monolayer is deposited. 

The authors employed 3-cyanopropyldimethylchlorosilane (CPDCS) or n-

octyldimethylchlorosilane (ODCS) for modification of the capillary surface to provide a 

nominally hydrophobic surface upon which lipid fusion could occur. For the purpose of 

fusion, they used either 1,2dilauroyl-sn-glycero-3-phosphocholine (DLPC) or 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC) vesicles that self-assemble resulting in a HPB. The 

HPB exhibited similar separation efficiencies and reduction in nonspecific adsorption 

compared to PLB, but with higher stability. The highest separation efficiency was obtained 

with CPDCS/DLPC capillaries and the lowest efficiency was obtained with ODCS/DLPC 

ones.

Physical adsorption of the coating material into the capillary wall is an alternative approach 

to covalent binding for formation of a permanent coat. Chitin is a natural polysaccharide that 

is known for its biocompatibility, low toxicity, and biodegradability.52 The use of native 

chitin as a physically adsorbed coat was reported for the first time 53. Native chitin was 

dissolved hexafluoroisopropanol (HFIP) to make a concentration of 0.5-mg/mL. The 

solution was aspirated into the capillary by application of vacuum at the capillary outlet for 

40 s, then filtered air was pushed through the capillary inlet for 20 min. The physically 

adsorbed coat afforded efficiently stable and reversed EOF (RSD was 1.55% for within-

batch coated capillaries and was 2.31% for between-batch coated ones), and this coat was 

applied for separation of four basic proteins. One critique to this work is that the high 

hydrophobicity of HFIP is neglected as a source of the success of the coating.

Dawod et al. Page 5

Analyst. Author manuscript; available in PMC 2018 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In a dynamic modification of capillary wall, a novel cationic coat was used for separation of 

model basic and neutral proteins (lysozyme, cytochrome c, ribonuclease A, and 

myoglobin).54 The positively charged quaternary amine type surfactant N-dodecyl-N,N-

dimethyl-(1,2-propandiol) ammonium chloride (DDPAC) was synthesized and added to the 

BGE to function as a dynamic coating for the capillary wall. The comparison of analyses 

conducted with similar cationic surfactants, cetyltrimethylammonium bromide (CTAB) and 

dodecyltrimethylammonium bromide (DTAB), showed that DDPAC provides the best 

efficiency and selectivity for the separation of the studied proteins in 100 mM acetate buffer 

pH 5.5 with addition of 10 mM of the studied compound.

The use of dendritic glycopolymers as dynamic and covalent coatings for separation and 

detection of nanogram levels of albumin in biological samples was developed.55 The authors 

investigated the potential use of maltose-modified hyperbranched poly(ethylene imine) (PEI-

Mal) either as a dynamic or a covalent capillary coat. When used as a dynamic coat, the 

EOF provided a satisfactory repeatability at three pH values (2.2, 8.5 and 10.2) with RSD% 

(n=50) ≤ 3.3, and the separation of a model mixture of four proteins (albumin, insulin, 

lysozyme, and myoglobin) was improved. However, the addition of the PEI-Mal to the BGE 

can cause unfavorable interaction between protein and the glycopolymer. Thus, the covalent 

approach showed an additional advantage over the dynamic one and was further used for 

preconcentration of analytes as further described in section 2.3.

In another important application of dynamic coating, the simultaneous separation of acidic 

and basic proteins has been reported.56 The authors employed Gemini pyrrolidinium (Cn-4-

Cn PB) surfactants as a sole dynamic coat and compared its performance to that with 

hexafluoroisopropanol (HFIP) as a buffer additive. They found that the hydrophobic chain 

length of the Cn-4-Cn PB can distinctly affect the separation efficiency and selectivity. 

Moreover, the presence of HFIP can promote the formation of more homogeneous and more 

compact bilayer coating which was evidenced by the higher efficiency of the surfactant in 

combination with HFIP than the sole surfactant.

2.1.2 IEF—In a novel IEF mode, a simple electrokinetic means for fractionation of protein 

samples based on their pI values was developed.57 The key element in the apparatus 

described in the paper is a dialysis membrane interface (DMI) that eliminates electrolysis-

caused protein oxidation/reduction and constrains proteins in the desired places. The 

configuration of the apparatus is presented in Figure 3 where the anode side is shown in 

Figure 3A and the construction of the DMI is presented in Figure 3B. Most significantly, the 

fractionated sample is MS-friendly since the system eliminates the use of ampholytes that 

interfere with MS detection. Despite its simplicity, the method suffers from low throughput 

which could be avoided by implementation of duplicated structures on the device to perform 

multiple electrokinetic fractionation in parallel.

In a recent IEF report, a modified OFFGEL electrophoresis (OGE) for fractionation of 

protein extracts from Phragmites leaves was exploited.58 The samples were fractionated 

using a 24-well setup and the OFFGEL kit 3–10 (Agilent Technologies) and a 3100 

OFFGEL Fractionator. Contrary to the manufacturer’s instructions, protein denaturing and 

reducing agents were not added to the OGE stock solution. The non-denaturing conditions 
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served the purpose of maintaining the integrity of protein samples which was evaluated by 

quantification of peroxidase activity. Although this platform is not capillary based it is a new 

application of IEF and could be translated to a CE format.

2.1.3 CGE—Capillary gel electrophoresis (CGE) shows many advantages over 

conventional sodium dodecyl sulfate polyacrylamide slab gel electrophoresis (SDS-PAGE). 

These advantages include fast separation times, high capability of recovery and regeneration, 

on-line detection, increased analysis throughput, and ease of operation.59, 60 CGE methods 

allow for more automated analysis at higher voltages which leads to faster and more efficient 

separations. The surface-to-volume ratio of small inner diameter capillaries allows for better 

heat dissipation compared to SDS-PAGE and therefore higher voltages can be applied. The 

use of entangled polymers for CGE allows for regeneration and reuse of capillaries. In 

comparison to SDS-PAGE, less sample volume is required for CGE methods and that 

combined with on-line detection allows for much improvement on sample analysis 

throughput. These advantages of CGE have been shown useful for the following applications 

and research.

CGE has recently been used as an effective tool for the analysis of protein-protein 

interactions (PPI) in which binding affinities of PPIs can been more easily obtained by CE 

methods utilizing a protein cross linking method.61 In order to eliminate the adsorption to 

the capillary wall and to maintain the protein interaction during the separation, protein cross-

linking capillary electrophoresis (PXCE) in a denaturing separation environment was 

developed. Formaldehyde was chosen as the cross-linking agent because of its short reaction 

time and reactivity toward many amino acid residues and the cross-linking reaction was 

performed prior to injection into the CGE. The PXCE technique was investigated for 

determining the Kd of three protein-protein complexes. The cross-linking was essential for 

this application, otherwise the denaturing conditions of the SDS-CGE separation will disrupt 

the PPI as shown in Figure 4.

High-throughput CGE (HT-CGE) was used for the quantification of PEGylated proteins with 

varying degrees of conjugation.62 Structurally stable proteins were analyzed by a standard 

protocol specified by the manufacturer. For proteins subjected to structural degradation, an 

improved analytical protocol was presented which combines trichloroacetic acid (TCA) 

precipitation and HT-CGE. The main benefit of integrating TCA precipitation into the 

analytical protocol is the immediate inactivation of the proteases and the resulting 

preservation of the sample composition. Moreover, TCA is assumed to precipitate all 

proteins in solution whereas salts and other buffer components remain in solution. 

Consequently, TCA precipitation reduces the concentration of interfering components from 

the sample which otherwise may alter electrophoretic mobility of proteins in HT-CGE.

In a newer application, CGE was investigated for analysis of viral proteins in influenza virus 

and virosome samples.63 The analyses were performed in uncoated capillaries using a 

commercial gel kit (AB Sciex). In the optimized CGE described in this paper, the influenza 

proteins were injected hydrodynamically at 100 mbar for 100 s which provided similar 

results (based on peak area, S/N, and migration time) compared to electrokinetic injection 
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(EKI) at -18 kV for 100 s. However, hydrodynamic injection (HDI) is less affected by 

sample matrix and provides better precision.

2.1.4 FFE—Free-flow electrophoresis (FFE) continuously separates target molecules from 

a sample that is exposed to an electric field.64 The electric field is directed orthogonally to a 

pressure-driven hydrodynamic electrolyte flow which carries the sample.65 The technique 

has been extensively used for protein purification and -to a less extent-protein analysis.66–68 

FFE was revisited for the separation and preparation of target protein from complex 

sample.69 The main purpose of this work was to develop a fundamental strategy for 

separation of a target basic protein (cytochrome c) from other two proteins (myoglobin and 

BSA). To achieve this, the charge-to-mass ratio analysis was performed using CLC Protein 

Workbench Software which guided the prediction of the pH of chamber buffer (pH 8.0) to 

separate cytochrome c from the crude sample (in swine heart). In a micro FFE (μFFE) 

system, it was shown that surface adsorption has no effect on peak position or spatial 

broadening.70 Surface adsorption affected the time it takes an analyte to travel through the 

μFFE separation channel and therefore contributes to temporal broadening. These results 

were confirmed using μFFE separations of fluorescein, rhodamine 110, and rhodamine 123 

in a low ionic strength buffer to promote surface adsorption. Peak widths and asymmetries 

were measured in both the temporal and spatial dimensions. Under these conditions 

rhodamine 123 exhibited significant interactions with the separation channel surface, 

causing increased peak broadening and asymmetry in the temporal dimension. Broadening 

or asymmetry in the spatial dimension was not significantly different than that of 

fluorescein, which did not interact with the capillary surface. The effect of strong surface 

interactions was assessed using μFFE separations of Chromeo P503 labeled myoglobin and 

cytochrome c. Myoglobin and cytochrome c were well resolved and gave rise to symmetrical 

peaks in the spatial dimension even under conditions where permanent adsorption onto the 

separation channel surface occurred. μFFE may therefore be well-suited for analysis of 

proteins that exhibit strong surface interactions. A schematic showing the flow paths through 

a μFFE separation is illustrated in Figure 5.

2.1.5 CE-MS—CE coupled with MS has proven to be a powerful analytical tool for the 

characterization of proteins. It combines the high separation efficiency, short analysis time, 

small sample and electrolyte consumption, and simple instrumentation with a variety of 

separation modes available with the mass selectivity and sensitivity offered by MS 

detection.71,72 Coupling of CE and MS is most commonly carried out by electrospray 

ionization (ESI) using either sheath liquid, sheathless, or liquid junction interfaces. Although 

CE-ESI-MS coupling is less straightforward than, for example, LC coupled to ESI-MS, it is 

has been applied in a significant number of laboratories for intact protein analysis and 

applications of proteomics and protein therapeutics as discussed in section 4.73 Many 

challenges exist with interfacing CE to MS, but advances have been made to overcome 

voltage interferences and current incompatibilities with CE circuit when pairing CE with 

ESI-MS.74 Different CE-ESI-MS setups were explored for the separation and 

characterization of the two isoforms of beta2-microglobulin (β2-m) under denaturing and 

non-denaturing conditions.75 The authors evaluated CE-ESI-MS either coupled with sheath 

liquid or sheathless interfacing. The sheath liquid is known for its high robustness despite 
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the fact that the high flow rate might result in analyte dilution which leads to inferior 

sensitivity. Alternatively, the sheathless approach does not lead to analyte dilution, however, 

it is more difficult to implement compared to the sheath liquid approach because of the 

circuit closure requirement for a CE separation. The sheath liquid interface was coupled 

either to single quadrupole (SQ) MS or time-of-flight (TOF) MS and the sheathless one was 

coupled as nanoESI-QTOF MS. The work demonstrated that the sheathless approach was 

successful in preserving the protein structure integrity, meanwhile the sheath liquid approach 

may not preserve the integrity due to exposure of the protein to an organic solvent. ESI-

TOF-MS can discriminate conformers and reliably assign protein forms that only differ by 1 

Da.

The possibility of sheath liquids to tune and modify the ionization without affecting CE 

selectivity and efficiency is particularly interesting in CE-MS of proteins. This way, their 

charge-state distribution (CSD) can be modulated while keeping the separation performance 

unchanged.76 To evaluate this effect, several supercharging reagents (added to the sheath 

liquid) with different BGEs were studied for CE-ESI-MS of intact proteins.77 The authors 

used three model proteins, human insulin (5.8 kDa and pI 5.2), human growth hormone 

(22.2 kDa and pI 5.3), and hemoglobin A0 (64.4 kDa and pI 8.4), because they present 

different properties in terms of molecular weight, structure, and flexibility (insulin and 

growth hormone are rigid and hemoglobin A0 is flexible). Among the tested supercharging 

reagents, 3-nitrobenzyl alcohol (m-NBA) and sulfolane permitted shift towards a higher 

charge state in an acidic BGE. Under basic conditions, sulfolane did not succeed in 

supercharging proteins while m-NBA only allowed a slight shift of the protein CSDs. This 

finding emphasizes that proteins that are negatively charged in solution cannot experience 

in-spray supercharging effect.

Affinity CE (ACE) hyphenated with MS was exploited for the first time for the assessment 

of PPI.78 In this study, the protease trypsinogen (24 kDa) and its inhibitor aprotinin (6.5 

kDa) were selected as a model system and the separation was performed in a capillary 

coated with polybrene-dextran sulfate-polybrene to prevent the adsorption to capillary wall. 

Both CE and MS data acquired with ACE-MS, i.e. effective electrophoretic mobilities and 

ratio of signal intensities of free and complexed protein, can be used to determine 

dissociation constants. By measuring effective electrophoretic mobility shift of trypsinogen 

as a function of aprotinin concentration, similar Kd’s were found for all the interacting 

trypsinogen variants indicating comparable affinity. However, the MS-based Kd assessment 

suffered from a relative large spread in ESI-MS signal intensities and deviation in ESI 

efficiencies among free and complexed protein.

A novel and simple sheathless interface was recently described for the analysis of proteins 

and peptides.79 The interface represents a considerable improvement over traditional 

interfaces in the way that the electric contact for both the CE and ESI voltage is applied 

through a significantly narrow fracture close to the end of the CE capillary. The fracture has 

a dimension of less than 2 μm width and provides the electric contact needed for both CE 

and ESI. Since the capillary sections before and after the fracture are perfectly aligned and 

with no excess dead volume, this interface illustrates a novel approach for achieving stable 

electrical contact with minimum band broadening and unique field-free pumping properties. 
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Furthermore, the current CE-MS interface can be fabricated in a simple, robust and fast 

manner thereby significantly reducing costs. Thus, these features of the developed CE-MS 

set-up should make it useful and versatile approach for high sensitivity analysis of both 

protein samples. A schematic of the CE-MS interface is shown in Figure 6.

Recently, cIEF-MS based on sequential injection method was reported for separation of 

cytochrome c, myoglobin, β-lactoglubin, and carbonic anhydrase.80 The cIEF system was 

coupled to ion trap MS with an electrokinetically driven sheath flow nanospray interface 

(previously developed by the same group).81, 82 The authors used an acidic sheath 

electrolyte in the nanoelectrospray emitter and injected a short plug (3 cm) of NH4OH 

before the sample and ampholyte mixture (50 cm). The NH4OH section acted as a catholyte 

during focusing, and as the focusing progressed the plug was titrated by the acidic sheath 

flow electrolyte to a lower pH. Upon consumption of NH4OH by the acidic sheath flow 

electrolyte, chemical mobilization started automatically by the aid of the acidic electrolyte. 

The automated cIEF-MS/MS was performed in a LPA-coated capillary which showed low 

precision for migration times. This is likely due to the hydrolysis of the coat by the basic 

ampholyte near the distal end of the capillary which causes progressive EOF mismatch for 

the subsequent runs. The same group performed CZE-ESI-MS in a LPA-coated capillary for 

proteomics and intact protein analysis.83 In this work, the authors compared the performance 

of a commercial electrokinetically pumped sheath flow nanospray interface (EMASS II) 

with their homemade instrument.81, 82 The two systems produced nearly identical numbers 

of protein and peptide identifications: 399 protein identifications/1372 peptide 

identifications vs 388 protein identifications/1258 peptide identifications. The combination 

of EMASS-II with a commercial autosampler (PrinCE) was then tested for analysis of five 

intact standard proteins, and only 5 μL of sample was required for reproducible results.

2.2 MCE

2.2.1 Advancements in Polymers for MCE—The use of microfluidics for 

electrophoresis provides many advantages including short analysis time, reduced sample/

reagent consumption, and high-throughput capability.21, 84–86 Microchip electrophoresis was 

founded on fabrication in glass microchips,87 but fabrication has been expanded to include 

the use of various polymers and materials including polydimethylsiloxane (PDMS),88, 89 

poly(methyl methacrylate) (PMMA), 90, 91 and cyclic olefin copolymer (COC).92, 93 

Advantages to fabricating microchips from polymer materials includes ease of fabrication 

(some without the use of a clean room), lower costs of materials, and mass-replication 

technologies that can allow for wider use of microfluidic devices.94–96 Such advances can 

improve the feasibility of microchip electrophoresis methods for clinical point-of-care 

applications, and polymeric materials for MCE allow for the selection of the most suitable 

material for particular applications.97

PDMS microchips have been the predominant material for the expansion of substrates for 

microchip electrophoresis, but challenges of sample loss, peak broadening, poor resolution, 

unstable EOF and long migration times accompany with these PDMS microchips due to 

factors including analyte adsorption to the inner walls of the microchannels and EOF 

suppression/control.98–100 Coatings have been implemented to overcome these issues;101 
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however, many of these methods include drawbacks of complicated procedures, expensive 

materials and processing, time consuming steps, and inadequate stability of the coating.102 

Recent microchip electrophoresis research addresses these issues.

Polymer-based MCE, specifically PDMS microchip separation, involves the use of surface 

modifications typically accomplished by covalently immobilized or physically adsorbed 

means, including dynamic and permanent coatings.98, 103 As an alternative method, a 

vacuum-drying process has been implemented for coating of PDMS microchannels in a 

PDMS-to-glass microchip.102 This method involves a rapid procedure of 10 min vacuum-

drying time resulting in suppressed analyte adsorption and stabilized EOF. A reduction in 

RSDs from 10.2% to 2.5% of repeated separations was achieved compared to separations in 

the bare microchannel. The vacuum-drying coating method is shown to be comparable to 

more conventional dynamic coating methods but is simpler, faster, and more durable. 

Several neutral and charged polymers were utilized including poly(vinylpyrrolidone) (PVP), 

poly(vinylalcohol) (PVA), hydoxyethyl cellulose (HEC), poly(dimethylacrylamide) 

(PDMA), dextran sulfate (DxS), and poly(ehylenimine) (PEI) where PVP, PVA, PDMA, and 

HEC provided EOF-suppressed separation conditions and DxS and PEI provided separation 

conditions with accelerated and reversed EOF. The electrophoretic analysis of BSA was 

used to compare a bare PDMS microchannel and a PVA-coated microchannel. An 

improvement on band-broadening and reduction of analyte adsorption occurs in the PVA-

coated microchannel. The authors state that quality coating is achieved in 10 min, however 

the data presented for this comparison was done with a vacuum-drying coated microchip 

that used a 60-min coating time.

A USB flash drive style microfluidic device for electrophoretic separations at low voltages 

(i.e. +5–6 volts) has been described.46 The device integrates a PDMS microchip (soft 

lithography over capillary producing rounded channels) and printed circuit board using 

electrochemical detection with microelectrodes. This work allows for microchip 

electrophoresis on a portable platform and is powered by a laptop computer. The USB 

PDMS microchip separates three proteins in under 80 s. The separation channel of this 

device is 375-μm wide by 25 mm long causing concern about separation performance when 

expanded to other applications due to the short channel length and the voltage limitation. 

The authors stated that a separation performance improvement for a baseline separation of 

three proteins in under 80 s was achieved with the when compared to traditional CE. The CE 

apparatus they compared their MCE method to utilized a 75-μm i.d. by 41 cm capillary at 

+12 kV which only shows separation of two of the proteins in 12 min. However, the 

comparisons made by the authors between the USB PDMS-microchip system and 

conventional CE methods are not equal comparisons as the microchip system uses an EKI 

and electrochemical detection and the CE system uses a gravity-driven injection and UV 

absorbance detection. A PDMS microchip has been applied to the electrophoretic separation 

of pre-term birth biomarker and is further described in section 2.3.104

The analysis of clinically relevant biomarkers by MCE with PMMA microchips provides 

low cost, portability, and disposability for the potential of clinical setting implementation. 

The use of PMMA MCE for the separation of immune complexes was investigated where 

various buffers were evaluated for proper surface modification while determining the effect 
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of these buffers on immune complex formation.105 To reduce microchannel wall 

hydrophobicity and prevent protein adsorption, various cellulose-based polymer dynamic 

coatings were assessed. Use of 1% 88 kDa methylcellulose with 0.5X phosphate-buffered 

saline was identified as an appropriate sieving matrix and buffer presenting an 

electrophoretic separation that is suitable for detection of thymidine kinase 1 in serum for 

early diagnosis of cancer.

A unique approach to solving issues of protein adsorption on microchip channel inner walls 

has been shown with fabrication of microchips from polyethylene glycol (PEG) 

prepolymers.99 PEG is a commonly used polymer for coating PDMS and PMMA 

microchannels to prevent protein adsorption, and in this work it is employed as a material 

for the microchannel fabrication. The authors state that a sandwich photolithography 

approach simplifies the fabrication process in comparison to PDMS microchips, however it 

is still a multi-step process. The performance of the microchip was evaluated for protein 

adsorption compared to bare silica, PEG-modified silica, and PDMS. Separation 

performance was demonstrated with the analysis of three model proteins in under 53 s and 

showed superior separation performance for the PEG microchip in comparison to an 

unmodified PDMS microchip (Figure 7).

Although current polymer materials for MCE meet criteria of good separation performance 

and transparency for optical detection, new microchip materials can overcome issues of high 

fluorescence background, swelling in solvents, and provide opportunities for easier 

fabrication and more efficient microchannel coating. Thiol-ene substrates have been used in 

microfluidic techniques recently due to properties including good solvent resistance, tunable 

rigidity, rapid polymerization kinetics, good optical transparency, excellent chemical 

resistance to solvents, good adhesion to glass and metal, and temperature resistance (from 

-150°C to 125°C).106, 107 The material was introduced for microchip electrophoresis 

separations recently,107 and thiol-ene microchip electrophoresis involving microchannel 

surface modification via neutral copolymers for protein separations was performed.106 In 

this work, the initial SU-8 mold fabrication step is performed in a cleanroom. The casting of 

a PDMS mold, fabrication of thiol-ene microchannel and cover layers, and bonding of the 

thiol-ene layers is performed outside of the cleanroom.107 To obtain thiol-ene microchannels 

with a neutral, permanent coating, copolymerization of N,N-dimethylacrylamide (DMA), (3-

(methacryloyl-oxy)propyl) -trimethoxysilane (PMA) and 3-trimethylsilanyl-prop-2-yne 

methacrylate (MAPS) was investigated. Several thiol-ene formulations were compared and 

thiol-ene with 20% excess thiols and a permanent coating of p-(DMA-PMA-MAPS) was 

found to have the best surface modification for increasing the hydrophilicity and minimizing 

protein interactions providing good EOF stability. Separations of proteins on these 

microchips can be done in a pH range of 3.5–9.5 and fast (5–10 s) separations were 

demonstrated with BSA, TI, and histone proteins. Figure 8 displays the thiol-ene microchip 

dimensions and channel cross-section and the separation of two proteins in under 10 s. Good 

repeatability is also shown with an electropherogram of five overlapping separations of two 

proteins.

Dyneon THV has been implemented for MCE in modes of CZE for protein analysis and for 

non-aqueous capillary electrophoresis (NACE).108 Dyneon THV is a transparent fluorinated 
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thermoplastic composed of tetrafluoroethylene (TFE), hexafluoropropylene (HFP), and 

vinylidenefluoride (VDF), and it is a good electrical insulator with a simple, non-cleanroom 

fabrication processes utilizing hot embossing.109 Dyenon THV has lower EOF than fused-

silica capillary and an inert surface that is easy to modify with a semi-permanent, 

noncovalent coating that was physically adsorbed to prevent protein adsorption. Pluronic 

F127 is a triblock copolymer with two hydrophilic PEO segments and one central 

hydrophobic PPO that was previously developed for COC microchip coating.110 This 

coating was compared with a PEG stearate 40 polymer, a new coating material for plastic 

microchips, for Dyenon THV MCE. The PEO stearate 40 coating provided an 86% 

reduction of protein adsorption in comparison to a 55% reduction for Pluronic F127 with the 

Dyneon THV microchip. The coating must be regenerated after each MCE run. With use of 

a pinched injection a separation of TI and BSA proteins was achieved in less than 3 min with 

a resolution of 1.55; RSDs of migration times were 2.9% and 1.5%, respectively.

A concentration gradient detection method based on Schlieren optics has been employed 

with a microfluidic device coupling electrophoresis and a multi-channel detection system for 

the determination of proteins diffusion coefficients.111 The diffusion coefficient is calculated 

in the frequency domain which improves upon conventional peak height measurements. This 

work uses a COC microfluidic device with multi-channels for increased sample throughput 

and has advantages of improved sensitivity and enhanced resolution.

Droplet microfluidics was interfaced to capillary 112 and microchip 113 electrophoresis as a 

method of separation and detection for the contents of individual droplets. The use of 

droplets with CE allows for reduction of sample consumption due to the ability to only 

utilize the volume of sample that needs to be injected (i.e. 10 nL) without wasting larger 

volumes of samples that would otherwise not be analyzed in traditional CE/MCE injection 

modes.114 The recent application of droplets interfaced to microchip electrophoresis for the 

analysis of SIRT5 enzymatic screening assay demonstrates subsecond separations using only 

nanoliter volumes with increased analysis throughout, and this work shows great robustness 

and reliability with over 11,000 MCE injections from droplets made. 115 Over 1400 samples 

were screened improving the throughput 3-fold relative to previous MCE-based screens and 

25-fold compared to previous MCE/CE screens for sirtuin.

To improve separation efficiency compared to slab-gel electrophoresis, protein sizing on-

chip via electrophoretic separation has been demonstrated using a silica particle array-based 

sieving mechanism for proteins sized from 6.5 to 66 kDa.116 This method of fabrication is 

simple for achieving pore-size ranges compared to nanolithography-derived structures. This 

work introduces an evaluation of pore size range from 22–103 nm for an improved 

separation for SDS-protein complexes compared to standard SDS-PAGE methods. The 

colloidal self-assembly bed was theoretically described and evaluated showing a uniform 

pore size and improved separation and resolution with smaller pore sizes.

2.2.2 Microfluidic Western Blotting—Western blotting is a gold standard technique 

widely used in biochemical and life science research for the analysis of proteins in complex 

biological samples. The technique in its conventional form involves the separation of 

proteins by SDS-PAGE, transfer of separated proteins from the gel to a membrane (typically 
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polyvinylidene fluoride (PVDF) or nitrocellulose membranes), and an immunoassay for 

detection of target proteins.117 Although Western blotting has been employed for more than 

30 years, constraints still exist for its throughput due to minimal automation, long analysis 

times, limited ability to multiplex, and large sample and reagent requirements.118 

Miniaturizing and automating the Western blotting technique would increase the throughput 

and decrease the cost of analyzing biological samples for target proteins content, and 

advances have been made with MCE for this purpose.

2.2.2.1 Microchip Western Blotting: Microfluidic Western blotting can be approached by 

performing a gel electrophoresis separation on a microchip with deposition of proteins 

directly onto a PVDF or nitrocellulose blotting membrane. Sieving gel electrophoresis is 

performed with denatured proteins, and the microchip is diced at the end of the separation 

channel to be interfaced with a moving membrane on an XY translational stage that captures 

separated proteins.119, 120 Not only does this microfluidic device speed up the separation and 

reduce the sample consumption compared to conventional Western blotting, the gel-to-

membrane transfer step is greatly simplified. Recent advancements in the technique have 

included improved separation parameters for increased resolution and the ability to easily 

multiplex for several targets with greatly reduced sample consumption. Detection of eleven 

proteins was achieved with 400 ng protein giving 100-fold decrease in sample consumption 

compared to three triplicate conventional Western blots.120 Resolution was improved by 

optimizing channel dimensions, and a channel length of 8.6 cm resulted in the ability to 

separate ERK1/2 which have a 5% difference in molecular weight. Injection conditions were 

also optimized with the addition of a preconcentration buffer using a 10 s long injection. The 

microchip design is displayed in Figure 9 where channel lengths are labeled. The 86 mm 

long separation channel was fabricated by the use of asymmetrically tapered turns to reduce 

dispersion. A separation field of 400 V/cm are used for microchip Western blotting.

A method of MCE involving on-chip immunoprobing has been developed as an alternative 

to conventional Western blotting.121 This microfluidic platform utilizes a photoactive gel to 

capture sieved proteins by photoinduced cross-linking of the proteins to the sieving gel 

followed by in situ immunoprobing for target proteins where multiple μWesterns can be 

done in parallel. Recent expansion of this work has involved optimizing the sieving gel 

composition to achieve separation of low molecular weight proteins.122 Previously, 

μWesterns of low molecular weight proteins was challenging due to the need for a sieving 

gel to effectively separate small proteins and also allow larger molecular weight antibodies 

(150 kDa compared to 6.5–28 kDa proteins) to migrate through the gel for in-situ 

immunoprobing. In this work, a Tris tricine discontinuous buffer is implemented for 

improved destacking and subsequent separation of low molecular weight proteins. The gel 

fabrication was altered to introduce a swept antibody plug that prevents antibody 

accumulation throughout the analysis, and separation of a molecular mass range of 6.5–116 

kDa was achieved. The Tris tricine system also resulted in 40% higher separation resolution 

with a 100-fold improvement on signal-to-noise ratio for small pore gels.

2.2.2.2 Single Cell Western Blotting: The μWestern technique has been further expanded to 

single-cell Westerns providing the ability to measure cell-to-cell variation with high 
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specificity.123 Single-cell Westerns are achieved with in situ lysis in microwells where a 30-

μm-thick photoactive polyacrylamide gel layer allows for μWesterns of proteins from the 

lysed cells. The single-cell Western achieved multiplexed detection of eleven protein targets/

single cell where simultaneous assays of about 2000 cells were achieved in 4 h where 

separation of molecular mass differences of about 50% was achieved. This work also has the 

ability to interface fluorescence activated cell sorting (FACS) for analyzing subpopulations 

of about 200 cells with single-cell resolution.

Signaling proteins that are often of interest in single-cell analysis contain a broad molecular 

mass range. To further enhance single-cell μWesterns, improvement upon resolving issues 

for large molecular weight ranges was made. 124 This was achieved by development of a 

sieving matrix with a spatially modulated pore-size gradient. A fabrication approach 

combining grayscale photolithography and glass-SU8 mold was used for patterning high 

spatial resolution gel densities. In a 1 mm long separation lane proteins spanning 25–289 

kDa were efficiently separated due to the pore-size gradient. The use of a nonuniform pore-

size gel alone would cause nonuniform, spatially biased immunoassay performance 

depending on the molecular mass of target protein. To overcome this, a temporally modulate 

cross-linker density is used to expand the hydrogel pores to prevent biased in-gel 

immunoprobing of immobilized proteins.

The same group recently reported a two-layer, lab-on-a-disk device has been created to 

integrate cell handling for cytology of sparingly available cells with single-cell Western 

blotting.125 Use of centrifugation for cell preparation allows for a more robust integration 

with single-cell Westerns for cell samples with as a few as 200 cells/low density cell 

suspensions with minimal cell loss. An array of microwells is molded to a polyacrylamide 

gel electrophoresis layer. U-shaped “cell trapping” dams are located above and around 

microwells. A centrifugal force deposits cells in the microwells, and in-situ lysis and 

electrophoretic separation occurs with in-situ antibody probing of targets to follow.

2.3 Improving Sensitivity with Preconcentration Techniques

One of the most cited limitations in CE and MCE is the poor detection sensitivity; 

particularly when compared to traditional separation techniques such as HPLC.126–129 Due 

to this inferior concentration sensitivity, various preconcentration methods are employed 

before or during the electrophoretic separation for enrichment of proteins. The development 

of efficient preconcentration strategies is of absolute necessity especially when dealing with 

biological samples where target proteins are usually present in low concentration.20

Large volume sample stacking (LVSS) and field-amplified sample injection (FASS) have 

been investigated for the preconcentration of a mixture of four proteins.55 LVSS allows for 

the injection of multifold larger sample volume than traditional HDI.130 Thus, a large 

volume of a sample plug dissolved in a low conductivity matrix (water solution) was 

hydrodynamically injected into a PEI-Mal-coated capillary which was filled prior with the 

acidic BGE solution (described in section 2.1.1). Since the investigated proteins were 

positively charged at acidic pH values, they migrated to the end of the capillary under the 

positive voltage. Meanwhile, the reversed EOF slowly pushed the aqueous matrix to the 

injection side. This counter movement led to a concentration of the positively charged 
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analytes on the boundary between the sample and buffer solutions. LVSS provided 

enhancement in detection sensitivity of up to 82-fold and the LODs were down to 1 μg/mL. 

In FASI, the sample (prepared in water) was injected electrokinetically at 15 kV for 90 s. 

This provided an enhancement in sensitivity up to 1300-fold and the LODs were down to 0.1 

μg/mL.

A powerful dual approach for the enrichment of dilute BSA tryptic digest and E. Coli digest 

has been reported.131 The authors employed a strong cation exchange (SCX) solid phase 

extraction (SPE) wherein samples were loaded in acidic buffer and eluted in using a basic 

buffer. Samples were then analyzed using an acidic BGE in CZE mode. This buffer 

combination resulted in the formation of a dynamic pH junction which further enhanced the 

detection sensitivity. This combination resulted in 3000-fold in sensitivity enhancement 

when compared to standard EKI. Recently, they almost repeated the extraction and 

preconcentration system in LPA-coated capillary.132 They were successfully able to obtain 

about 1000 protein identification from Xenopus laevis zygote homogenate as detailed in 

section 3.1.

In a two-dimensional gel electrophoresis (2DE) approach, a simple and efficient extraction 

protocol was optimized for enrichment of lipophilic proteins of Mycobacterium 
tuberculosis.133 The authors added Triton X-100 in the protein extraction buffer followed by 

Triton X-114 (for phase separation) directly which eliminated the need for membranes 

preisolation. The addition of the surfactant to the extraction buffer improved the 

solubilization of the lipophilic proteins which resulted in 2–3-fold enrichment in MALDI-

TOF MS detection of target proteins.

Despite the fact that EKI is the major sample introduction mode in MCE, a novel system for 

pressure injection and stacking of pre-term birth biomarkers (PTB) in a microfluidic device 

was reported.104 As illustrated in Figure 10, the device features a multilayer PDMS 

microchip. The fluidic layer contains injection and separation channels, and the control layer 

contains a peristaltic pump and four pneumatic valves around the T-intersection to carry out 

sample injection and plug capture. An unpatterned PDMS membrane was sandwiched 

between the fluidic and control layers as the actuated component in the pump and valves. 

The authors studied the effects of the peristaltic pump actuation rate and injection time and 

chose a 50-ms actuation rate and a 30-s injection time that offered a good combination of 

speed, peak height, and number of theoretical plates (as much as 500,000 plates/m or more). 

They evaluated four different valve spacings (100, 200, 300, and 400 μm) and chose 200 μm 

for providing the best peak height. Interestingly, when compared to EKI, the HDI scheme 

enhanced the detection sensitivity of the PTBs by a factor-of-4 with efficient elimination of 

the injection bias.

The integration of SPE and MCE on a single device was exploited for the enrichment of a 

model protein (ferritin).134 The system features a multilayer microfluidic device consisting 

of a pneumatic peristaltic pump, fluid control valves, a porous polymer monolith for SPE 

and a microchannel for electrophoresis. The porous polymer monolith column (acrylate-

based monolith with C8 functional groups) was synthesized using UV photopolymerization. 

Fluidic and control channel dimensions were optimized to actuate valves with 30 psi and 
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produce reasonable flow rates. The preconcentration capability of the SPE unit showed a 4-

fold enhancement and the loading capacity of the polymer monolith was 56 fM (25 ng) of 

ferritin.

Nanoporous membranes have been used as a preconcentration device in microfluidics for 

several years.135–137 The membranes can provide a powerful tool to interface vertically 

separated microfluidic channels to create a 3-D fluid architecture.138 Recently, a 

microfluidic device featuring two nanoporous membranes with different sizes was employed 

for preconcentration of albumin in urine samples.139 The upper membrane containing larger 

(100 nm) nanopores acted as a size-selective filter passing out particles, cells and larger 

proteins, ensuring high robustness and reliability for analyzing untreated samples. The 

lower, smaller pore sized membrane (10 nm) permitted the transport of inorganic ions and 

small organic ones but not proteins allowing them to be concentrated. By using this dual 

membrane device, the analysis of HSA in urine samples was feasible and enabled 

quantitative determination for the diagnosis of albuminuria. Later on, a fiber-based 

microfluidic methodology was developed for the isolation, separation and preconcentration 

of biomolecules.140 R-phycoerythrin (R-PE), a 240 kDa protein, was used as a test target 

solute. The main advantage of fibers over classical and closed microfluidic channels is the 

simplicity of being sectioned (cut) into parts to transport or store the desired sample zone as 

the solutes and fluids remain spatially separated upon the surface.

A rapid and efficient assessment of therapeutic protein (TP) activity based on electrokinetic 

concentration and molecular charge modulation was described.141 In a previous report,142 

the authors stated that electrokinetic concentration could simultaneously preconcentrate and 

separate bound and unbound species in aptamer-protein binding assay. However, the 

usefulness of sole electrokinetic concentration for TP and TP receptor (TPR) binding assays 

is quite limited. This is mostly due to the minimal mobility differences in case of TP-TPR 

assays. Molecular charge modulation overcomes the inferior separation resolution of 

electrokinetic concentration by artificially enhancing the mobility difference with mobility 

modulators, disregarding the intrinsic mobility of TP, TPR, and the TP-TPR complex.

3. Applications of CE and MCE

3.1 Proteomics

The use of CE for proteomics represents a large body of research. Recent reviews highlight 

the use of CZE and CE-ESI-MS for bottom-up proteomics,18, 19, 143, 144 and CE and MCE 

methods for top-down proteomics including investigation of post-translational modifications 

(PTMs).18 These reviews include advances that have been made for CE interfacing to ESI-

MS, electrospray ionization-tandem mass spectrometry (ESI-MS/MS), and matrix-assisted 

laser desorption/ionization mass spectrometry (MADLI-MS). A review in early 2017 

covered the combination of electrokinetic and chromatographic techniques for proteomics to 

highlight the use of these complimentary techniques for advancing protein identification. 

Literature is cited to show coupling of “top-down” and “bottom-up” proteomics for efficient 

large-scale profiling with a study of specific sub-proteomics applications.145 The most 

recent advances made in this application are described below.
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CZE-MS/MS of protein digest has been utilized for a bottom-up approach for proteomic 

analysis.132 In this work the CZE was combined with an online sample reduction, alkylation 

and digestion to identify 975 protein groups and 3749 peptide groups. This work has low 

sample consumption, which combined with the reduction of sample preparation time which 

greatly improves the throughput of proteomic analysis.

Analysis of 580 yeast proteoforms for intact protein characterization was accomplished with 

CZE-ESI-MS/MS using a top-down approach.146 The proteoform was prefractionated into 

23 fractions and with use of CZE and intact detection and fragmentation 580 proteoforms 

and 180 protein groups were identified. This CZE method employed dynamic pH junction 

and LPA-coated capillary to improve loading volume and peak capacity. An advantage of 

CZE for proteomics work is that minor sequence variations/PTMs have charge differences 

but with similar hydrophobicities that can be separated by CZE that complementary reverse 

phase LC techniques would be unable to separate. Identification of PTMs including N-

terminal acetylation, signal peptide removal, and oxidation was accomplished with this 

method. CZE coupled with high resolution MS was also demonstrated for the 

characterization of intact proteoforms with charge and glycan heterogeneity using a top-

down approach.147 CE was performed using a cross-linked polyethylenimine coating for 

separation based on charge and hydrodynamic volume differences where column efficiencies 

were between 350,000 – 450,000 plates. This work shows advancements towards an in-

depth characterization and quantitative analysis of biopharmaceutical proteoforms. This is 

demonstrated by the separation and resolution of deamination and siltation charge 

differences and for isobaric positional isomers of a single sialic acid on biantennary glycan 

antennae.

3.2 Protein Therapeutics

The field of monoclonal antibody (mAb) based therapeutics largely contributes to successful 

drugs for health issues including inflammation, infectious diseases, autoimmune disorders, 

and some cancers. These therapeutics are suitable due to high specificity, high efficacy, and 

great pharmacokinetic properties making efficient analysis tools vital to therapeutic and drug 

discovery research.148, 149 With the implementation of recombinant protein therapeutics due 

to their high specificity and potency come the need for purity and quality control analysis.150 

mAb’s contain tetrameric glycoproteins, and the Fc regions of heavy chains contain N-

glycosylation sites that contribute to heterogeneity of these molecules.151 Complex bio-

synthesis pathways and PTMs cause changes in structure and function that impact mAb 

stability and efficiency. Thus, improvement upon analysis techniques to enable fast and 

accurate characterization of biotherapeutics is necessary.71, 150

A recent review on CE characterization of mAbs highlights many recent publications for the 

advancements of CE for protein therapeutics, and the publication includes a table of 

separation conditions for the analysis of IgG, biosimilars, Fc-fusion proteins, and antibody-

drug conjugates (ADCs) in the years 2010–2015.152 In the highlighted work from 2015 and 

early 2016 CE-ESI-MS analysis was developed for the analysis of reduced mAb with heavy 

and light chains153 and analysis of intact IgG1.149 A CZE method with cationic capillary 

coating for the identification of mAb in routine mAb for cancer therapy in hospitals was 
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reported.154 Characterization of ADC was performed by sheathless CE-MS/MS with 

nanoESI infusion for detection of species with different number of conjugated drugs has also 

been described.155 A characterization of therapeutic antibodies by CE-ESI-MS allows for 

rapid sequencing and degradation hotspot analysis, and this work achieved enhanced 

sensitivity for poorly ionizing molecular species like glycoproteins.156

Glycan analysis is an important direction for clinical and biomedical research because of the 

deep involvement of glycans in biological processes. Recently, a multiplexing CE mapping 

method for glycan analysis was developed.157 The authors investigated the potential of 

combined parallel application of CZE, MEKC, and CGE for rapid and accurate 

identification of glycan. The covariance and correlation coefficient study indicated that CZE 

and MEKC mechanisms provided low covariance and high orthogonalities, and therefore, a 

larger space for the accurate identification of glycan using multiplexing platform. The CZE 

and MEKC cross-validation method was applied to the identification of N-glycans released 

from two human IgG samples.

A CZE method utilizing a neutral coated capillary and a simple buffer system was developed 

for the separation of glycoforms of glycoprotein.158 The method has been shown to have 

excellent specificity, precision, and accuracy. The peaks separated by CZE were 

characterized using orthogonal methods, and peak identification was determined by a 

combination of MALDI-MS and high performance anion exchange chromatography. The 

peaks demonstrated to correlate with isoforms containing different numbers of sialic acids 

within the protein. The CZE method has been widely applied as an in-process purity method 

during the development of this glycoprotein; providing much needed purity information in a 

high throughput manner. Finally, the method has also been used for stability testing of the 

purified glycoprotein.

Recent publications described the analysis of host-cell protein impurities in recombinant 

mAb therapeutics.159, 160 CZE-ESI-MS/MS analysis is used and variations on techniques 

were applied including coupling a strong cation exchange-solid phase extractor. A 

comparison to LC is made highlighting that CZE generates more protein identifications. 

Method development for CZE of therapeutic mAb was done utilizing an ε-aminocaproic 

acid (EACA) buffer system with a top-down and middle-up analysis approach.161 The 

phrase “two-phase-four-step” was introduced for this method that is capable of resolving 

isoforms of mAbs. The two phases include a screening phase with pH and ionic strength 

adjustments and a fine tuning phase with adjustments on organic additives and viscosity 

enhancers for optimal peak resolving and low migration times. Separation of a commercially 

available mAb isoforms was done and the repeatability was represented by 0.8% RSD of 

peak area and 5% RSD of migration time.

The Fc region of mAbs has consequences for Fc-mediated effect or functions that might be 

desirable for therapeutic applications. CZE-MS with native MS infusion was performed for 

precise characterization of variants in cetuximab.150 The role of N-glycosylation and C-

terminal lysine truncations were evaluated with CZE-UV/MALDI-MS and CZE-UV/ESI-

MS and Fc/2 dimers were also characterized. Figure 11 displays separation of Fc/2 region and 

the impact on resolution from glycosylation and lysine truncation.
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cIEF-CZE-MS for fast characterization of therapeutic antibodies has been done; overcoming 

challenges of cIEF and MS compatibility with a separation step to remove the nonvolatile 

species.162, 163 For compatibility with small transfer volumes and cIEF high voltages a 

multi-port valve and sample loop system was implemented,163 and an evaluation of sample 

transfer loop volumes for efficiency and peak width was done.162 IEF separation for pI range 

of 5–10 is applied to the analysis of charge variants of mAbs. In 3 h up to 6 analytes were 

transferred from cIEF to CZE-MS with the ability to detect a mass differences of 2 Da 

between mAb variants.

Advances in electrophoretic methods for analysis of protein therapeutics have been shown 

using MCE with online ESI-MS detection. This technique has been applied to assess 

structural variations of therapeutic mAbs that can impact their immunogenic properties.164 

In order to get proper analysis of mAb modifications that vary in net charge, Zwitterionic 

BGE additives typically used in the separation were replaced with microchannel 

modification by PEG through a chemical vapor deposition process for a compatible interface 

of MCE with ESI-MS.165 In this work, variants of Infliximab with a 128 Da difference were 

analyzed. Analysis of ADC variants166 and glycated blood proteins for a diagnostic tool 

with diabetes have been accomplished with similar approaches.167

Recent advances have been made with CZE-ESI-MS for separation of reduced mAbs into 

their heavy and light chain components utilizing a commercially available LPA coated 

capillary.168 In less than 10 min, heavy and light chains were baseline resolved and the 

addition of 5% acetic acid to the BGE further improved resolution for antibody mixtures. 

Figure 12 displays the separation of two antibodies with identification of the heavy and light 

chains with the improved separation conditions and resolution.

Commercially available microchip electrophoresis systems have been utilized for protein 

therapeutic analysis. The 2100 Bioanalyzer MCGE system has been expanded for 

glycoprotein analysis to analyze PTM-proteins.169 The MCGE system was applied to 

immunoprecipitation for detection of C-reactive protein (CRP) as a sepsis marker.170 

Immunoprecipitation allows for purification of the CRP specifically, and in combination 

with the MCGE system can serve as an early detection method for sepsis. Clinical serum 

samples were analyzed in 3 h with reduced sample (50 μL) and consumable consumption. 

Another application of the MCGE system is for the analysis of PEG modified proteins, 

which has been reported to increase the therapeutic efficacy of protein drugs. The MCGE 

system was utilized to study electrophoretic behavior of linear and branched PEG-

conjugated proteins where differentiating between the two proteins is a valuable tool for the 

biopharmaceutical development field.171

The Caliper LabChip® GXII instrument has been utilized by for mAb product quality 

analysis to expand the use of a commercialized system in the biopharmaceutical 

development field with fast separation times of 45 sec/analysis.172 In this work, it was found 

that applying this separation tool to mAbs required different minimal levels of SDS for 

complete denaturation depending on the subclass of mAb.
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4. Conclusions

This review shows that CE and MCE methods are powerful tools for analysis of proteins in 

various samples and technological adaptations to these techniques are reported regularly. 

They provide high separation efficiency, considerable detection sensitivity, fast analysis 

time, and require low amounts of samples and reagents. Furthermore, electrophoretic 

methods are used in a wide range of applications. They are successfully employed for 

analysis of protein therapeutics, for determination of proteins in complex biomatrices (e.g. 

biological fluids, tissue extracts, and plant samples), and for physicochemical 

characterization of proteins enabling determination of parameters including relative 

molecular mass, pI, effective charge and binding constants of various protein complexes. 

Nevertheless, electrophoretic techniques also have some limitations.

One critical issue in analysis of proteins by CE/MCE is the adsorption of analytes on the 

wall of the separation compartment. Therefore, a great deal of research is devoted to the 

development and application of novel, effective capillary coating materials. Currently, the 

field needs more effort to be directed to the automation and high throughput implementation 

of surface modification for efficient suppression of protein adsorption.

Another limitation of CE is the low concentration sensitivity which can sometimes be 

problematic especially when dealing with biological samples. However, the sensitivity of CE 

methods can be substantially improved by the application of various preconcentration 

techniques and/or by employing more sensitive detection methods (LIF, MS). Despite the 

fact that more than three orders of magnitude have been achieved for sensitivity 

enhancement, there is still a need for more sensitive strategies that allow the detection of 

target proteins with minimal sample treatment.

Presently, gels are more widely used for protein analysis compared to CE/MCE, however 

there is much value in expanding the use of CE/MCE for these analyses including increased 

automation, better reproducibility, lower sample consumption, and faster analysis times. 

Particularly, the widely-used technique of Western blotting has seen minimal advances since 

its development over 30 years ago, and the field of MCE can further benefit from more 

commercialization.

Many of the research articles discussed here covered protein analysis related to biomedical 

studies and applications. CE/MCE technology is being developed to improve the throughput 

of analysis for biomarker proteins and diagnostic tools that can be implemented in hospitals 

and other point-of-care applications. Additionally, the work that has been accomplished with 

CE/MCE in proteomics and protein therapeutics shows the power of using these techniques 

for a variety of protein analysis applications. Continuing to improve the efficiency of 

biotherapeutic separations and analyses is of much importance, and CE/MCE can fill these 

needs.
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Figure 1. 
Electropherograms obtained for 100 successive separations of the protein test mixture using 

A. non cross-linked PDADMA/Plc 5-layers coating and B. cross-linked Pls/PAA 5-layers 

coating. For better clarity, every 10th injection is shown on the graph. Experimental 

conditions: capillary 40 cm (29.6 cm to the detector) × 50 μm I.D. Electrolyte: 0.5 M acetic 

acid at pH 2.5. Applied voltage:−30 kV. 3 min rinse with the background electrolyte 

between runs. Hydrodynamic injection: 30 mbar, 4 s. Temperature: 25°C. (Reproduced from 

reference38 with permission)
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Figure 2. 
Schematic representation of the automated capillary coating and regeneration process (A) 

Rinse with 1 M NaOH solution; (B) rinse with freshly prepared aqueous solution of 4% 3-

(trimethoxysilyl)propyl methacrylate; (C) filling the capillary with 4% acrylamide monomer, 

containing 0.05% TEMED; and (D) applying the electric field in reversed polarity mode to 

force the electromigration of the negatively charged persulfate ions toward the detection end 

and the positively charged TEMED molecules toward the injection end. UV irradiation 

through the detection window was used to start the free-radical polymerization reaction. 

(Reproduced from reference41 with permission)
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Figure 3. 
Apparatus for electrokinetic fractionation (A) Apparatus configuration of the anode-side. 

The apparatus on the cathode-side is image-symmetric to that on the anode-side. DM, 

dialysis membrane; DMI, dialysis membrane interface. Separation capillary, 45 cm coated 

capillary with an o.d. of 360 μm and an i.d. of 150 μm; Teflon tubing, 22 cm with an o.d. of 

1.05 mm and an i.d. of 0.55 mm; anode/cathode reservoir, 100 mL container; anode/cathode 

collection reservoir, 600 μL tube. (B) Preparation of DMI. (Reprinted from reference57 with 

permission)
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Figure 4. 
Electropherograms with (red trace) or without (black trace) cross-linking of protein 

complexes of (A) Hsp70–488–Bag3, (B) Hsp90-488 dimer, and (C) FITC-lysozyme-

antilysozyme. Separation was performed with (A,B) dextran gel and (C) free solution with 

pH 10, 10 mM borate buffer. Cross-linking was with 1% formaldehyde for 10 min in HEPES 

buffer. (Reprinted from reference61 with permission)
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Figure 5. 
(A) Schematic illustrating three hypothetical flow paths through a μFFE separation channel. 

Analyte 1 does not interact with the separation channel surface. Analytes 2 and 3 interact 

with the surface with increasing affinity giving rise to temporal broadening. (B) Illustration 

of the adsorption/desorption equilibrium of an analyte interacting with the glass surface of 

the separation channel. Note that the analyte is immobilized while adsorbed onto the surface. 

(Reproduced from reference 70 with permission)
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Figure 6. 
(A) A schematic of the novel CE-MS interface and (B) a photograph of the CE-MS interface 

implemented on a hybrid Q-TOF mass spectrometer (Synapt G2). (Reproduced from 

reference 79 with permission)
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Figure 7. 
Efficacy of PEG microchannel in preventing protein adsorption (a) and fluorescent images 

of FITC-BSA adsorption in silica (b), PDMS (c), PEG-modified silica (d), and PEG (e) 

microchannels. Comparison of the anti-protein-fouling PEG MCE with traditional PDMS 

MCE in protein separation performance (f). Separation conditions: buffer, 40mM phosphate 

(pH = 6.0); applied voltage, +200 V; sample, 0.5 mg/ml for each protein; microchannel, 14 

cm × 50 μm × 50 μm (13.3 cm effective); temperature, 25 °C. Peak identification: (a) Cyt-c; 

(b) Lys; (c) BSA. (Modified from reference99 with permission)
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Figure 8. 
Dimensions (mm) and shape of the single-cross thiol-ene microchip (a) and 

electropherogram obtained from the separation of two acidic fluorescently labeled proteins 

(b). Analytes (in the migration time order): (1) TI-Alexa 488 at 12.5 μM and (2) BSA-FITC 

at 20 μM prepared in 5 mM PBS (pH 7.4). BGE: 50 mM PBS (pH 7.4). The insert in the 

figure displays electropherograms from five repetitive separations of TI-Alexa 488 (1.5 μM) 

and BSA-FITC (3 μM). (Modified from reference106 with permission)
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Figure 9. 
Microchip overview. Sample was injected using gated injection method. SDS-protein 

complexes separated by size were captured in discrete zones on the PVDF membrane 

moving beneath the chip outlet to preserve separation information. Sieving media was 

pumped through the sheath channels to ensure a stable current. Channel lengths are 

indicated by double arrow lines and direction of flow during separation is indicated by solid, 

single arrows. Separation channel was between the injection cross and the end of the 

channel, and length was 86 mm. Drawing is not to scale. 300 μm post channel was drawn 

long for clarity. The inset figure shows the asymmetric turn used to reduce geometric 

dispersion. (Reproduced from reference120 with permission)
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Figure 10. 
(A) Top-down view of the microchip design showing peristaltic pump and pneumatic valves 

around the T-intersection. Four different valve spacings were used. S sample, SW sample 

waste, B buffer, BW buffer waste. (B) Comparison of pressure driven Vs electrokinetic 

injection with 30 s injection times. Electropherograms are offset vertically. For pressure 

injection, a 50-ms actuation rate and 200-μm valve spacing were used. (Reproduced from 

reference104 with permission)
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Figure 11. 
Analysis of the Fc region of the mAb and with off line CZE-UV/ESI-MS separation of 

middle-up cetuximab charge variants (a). Experimental conditions: Inlet BGE: EACA 200 

mM ammonium acetate 25 mM pH 5.70 and outlet BGE: ammonium acetate 25 mM pH 

5.70; HPC-coated capillary, total/effective length 82/75.5 cm × 75 μm i.d.; voltage, 20 kV; 

UV absorbance at 200 nm. Impact of glycosylation and lysine truncation on electrophoretic 

resolution. Electrophoretic separation of (1) cetuximab with IdeS treatment, (2) cetuximab 

with IgGZERO + IdeS treatment and (3) cetuximab with CP-B + IdeS treatment (b). Inlet 

BGE composed by a mixture of EACA 200 mM and ammonium acetate 25 mM pH 5.70 and 

outlet BGE by ammonium acetate 25 mM at pH 5.70. (Modified from reference150 with 

permission)
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Figure 12. 
Base peak electropherograms for a two-antibody mixture (mouse anti-human IgG4 Fc-

UNLB and human/mouse/rat activin A beta A subunit antibody), including migration times 

for each heavy chain and light chain. Triplicate CZE–ESI–MS analysis of a two-antibody 

mixture. 50 cm long, 30 μm I.D. capillary was used for separation. About 30 nL liquid 

aliquot was injected for each analysis. Sheath liquid: 0.5% FA, 10% methanol. Voltages: 

23.7 kV/1.2 kV. LTQ-XL mass spectrometer was used for detection. NL is the normalization 

level. (Modified from reference168 with permission)
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