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a b s t r a c t 

The purpose of this review is to highlight noteworthy advancements in the field of capillary gel elec- 

trophoresis for the separation and analysis of proteins from the period of 2015-2021. This review will 

provide an overview of the historical perspective and principles of the technique, introduce the chal- 

lenges and limitations commonly faced, and highlight the advancements made to overcome these issues 

and broaden our knowledge of the method. Finally, applications of capillary gel electrophoresis and future 

directions for the technique will be presented. 
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Proteins are an important class of macromolecules that play 

ritical roles in all living organisms. They provide structural sup- 

ort, assist with growth, function in the immune system, and serve 

s catalysts, transport molecules, and storage compounds, amongst 

ther uses [1] . It is this versatility that allows us to use these func-

ional units of life to understand the balance between healthy and 

iseased states on a molecular level [ 2 , 3 ]. To study proteins, we

ust first be able to isolate and characterize them. Numerous an- 

lytical techniques to separate proteins exist with electrophoresis 

eing one of the most well studied and widely used. While mul- 

iple different modes of electrophoresis have been developed, this 

eview is focused on capillary gel electrophoresis (CGE), also re- 

erred to as capillary electrophoresis (CE) with sodium dodecyl sul- 

ate (CE-SDS). 

While early work on electrophoresis based on Faraday’s laws 

f electrolysis date back to the nineteenth century [4] , the rise of 

lectrophoresis as a separation technique is generally attributed to 

rne Tiselius, who successfully separated horse serum into albu- 

in, α-, β-, and γ -globulin in the 1930’s [ 2 , 5-7 ]. This discovery

ombined with Tiselius’ work on adsorption and electrophoresis 

ulminated in him receiving the Nobel Prize in Chemistry in 1948 
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8] . In the decades following, different modes of electrophoresis 

ere developed including zone electrophoresis, isoelectric focus- 

ng, and isotachophoresis [4] . Notable during this time was the 

psurge of gel electrophoresis as a separation method that be- 

an with starch gels [9] and in 1970 yielded what is now mod- 

rn SDS polyacrylamide gel electrophoresis (SDS-PAGE) [10] . The 

se of tubes with a narrow internal diameter goes back to the 

960s during which Stellan Hjertén demonstrated the use of a 3 

m internal diameter narrow bore tube that offset convective is- 

ues by rotating the narrow bore tube [ 11 , 12 ]. However, it wasn’t

ntil 1981 when Jorgenson and Lukacs created a method of zone 

lectrophoresis in a capillary tube that the technique of CE started 

aining traction. They used a 75 μm internal diameter tubular glass 

apillary with an on-column fluorescence detector under voltages 

f up to 30 kV to demonstrate the separation of amines, amino 

cids, and dipeptides [13] . Using smaller capillaries led to more ef- 

cient heat dissipation by increasing the surface area to volume 

atio. This allowed for higher voltages to be applied to the system 

esulting in improved efficiency and shorter separation times [14] . 

ater it was shown that CE technology could employ gels as a sep- 

ration media leading to capillary gel electrophoresis methods [15] . 

his work by Hjertén showed separation in capillary tubes of 0.05- 

.30 mm internal diameter with both agarose and polyacrylamide 

els. Proteins present in amounts as low as 0.01 μg/mL were sep- 

rated and detected via an on capillary ultraviolet (UV) detection 

ystem. In the decades following these discoveries, CE and CE-SDS 

https://doi.org/10.1016/j.chroma.2022.463453
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ave undergone many advancements and have been applied in a 

ide range of fields. 

The goal of this review is to focus on the recent advancements 

nd applications of CE-SDS for the separation and analysis of pro- 

eins. This review is not meant to be comprehensive but rather 

ighlight the most important advances in CE-SDS between 2015- 

021. Included works are those that have improved our under- 

tanding of the sieving matrix, increased detection sensitivity, im- 

roved biotherapeutic characterization, and describe an efficient 

orkflow for method development. Our intention is to consolidate 

ecent findings to help other scientists determine if any of the ad- 

ancements reviewed fit their needs and to provide a framework 

or future work to be built upon. 

rinciples of electrophoresis, CE, and CE-SDS 

To appreciate the advances made to reach the current state of 

E-SDS, it is imperative to understand the theory behind both elec- 

rophoresis and CE. 

apillary electrophoresis 

When charged particles migrate under the influence of an elec- 

ric field, the phenomenon is known as electrophoresis and the 

asic principles of electrophoresis and CE such as electrophoretic 

obility ( μ) and electroosmotic flow (EOF) have been covered in 

 previous review by our group [16] . Briefly, μ is dependent on 

he charge to size ratio of the analyte, with the mobility being di- 

ectly proportional to the charge of the analyte ( q ) and inversely 

roportional to the hydrodynamic radius of the analyte ( r) and the 

iscosity of the medium ( η) [16] . The mathematical relation is de- 

cribed in Eq.1 below: 

= 

q 

6 πηr 
(1) 

In CE, separation is achieved within a narrow-bore capillary, 

ypically 25 – 75 μm in internal diameter and with a total length 

f 30 – 100 cm [17] . Depending on the application, capillaries with 

engths and diameters outside of these ranges can also be used. 

he capillary is filled with background electrolyte (BGE) by sub- 

erging it into a BGE reservoir. Electrodes that connect to a volt- 

ge source are also submerged into all reservoirs the capillary is 

laced in. It is important that both ends of the capillary are al- 

ays in contact with the reservoirs during separation to maintain 

lectrical neutrality. For sample injection, the capillary is inserted 

nto a sample vial and the sample plug is injected into the inlet 

ide either by voltage or pressure. The capillary is then returned 

o the BGE reservoir for the separation stage. Analytes are detected 

s they pass through a transparent detector window on the cap- 

llary and the results are displayed as an electropherogram with 

he signal on the y-axis and migration time on the x-axis [18] . Dif-

erent modes of detection can be used such as laser induced fluo- 

escence (LIF) and UV absorption in addition to mass spectrometry 

MS) [19–21] . 

The exterior of the capillary is coated with polyimide to protect 

t and increase flexibility, except for the detection window where 

olyimide is removed to allow for optical detection of the analytes 

s they migrate. The interior of the capillary is bare fused silica 

hat has an ionizable surface coated with silanol groups. The for- 

ation of the electrical double layer and rise of EOF has been de- 

cribed previously [16] . It is the combination of both the EOF and 

that influences the migration of analytes. While μ is unique to 

ach analyte, the EOF is constant for all the analytes in a sample 

er separation. 

The mobility of the analyte and EOF also plays an important 

ole during sample injection, depending on the method chosen. 
2

he two methods of injection used are a pressure based hydro- 

ynamic injection and an electrophoresis based electrokinetic in- 

ection. Hydrodynamic injection was initially achieved through si- 

honing [12] . With improved pneumatic systems of CE instru- 

ents, it is most commonly accomplished by applying pressure on 

ither the capillary inlet (positive pressure) or the outlet (negative 

ressure) [22] . The volume of the sample injected into the capillary 

 V ) is directly proportional to the inner diameter of the capillary 

 D ), difference in pressure between the two ends of the capillary 

 �P ) , injection time ( t) and inversely proportional to the viscosity 

 η) and capillary length ( L ) [12] . Eq. 2 shown below can be used

o estimate the total amount of sample injected via hydrodynamic 

njection: 

 = 

�P D 

4 πt 

128 ηL 
(2) 

Electrokinetic injection is achieved by applying a voltage and 

llowing the analytes to migrate based on their mobility and/or 

he EOF. These sample loading methods have different advantages 

nd disadvantages depending on the analysis being performed, the 

onductivity of the BGE, the nature of the sample, and the ionic 

trength of the sample matrix. Some important considerations are 

hat with hydrodynamic injection a defined volume is injected and 

ue to this, the volume of the capillary used is the limiting factor 

or the amount of sample to be loaded [22] . Furthermore, for sam- 

les with a high salt content this method is preferred [12] . On the

ther hand, electrokinetic injection might not be limited to capil- 

ary volume and is more selective than pressure loading, however, 

t can lead to a bias if there is a significant difference in the mo-

ility of the analytes. Moreover, the number of cations, anions, and 

eutral ions injected will also differ and might lead to variation in 

njection of target analytes. Due to this, estimations for amount of 

nalyte injected have to be done separately for each individual so- 

ute. The amount of each solute injected ( Q) is given by Eq. 3 [12] :

 = (μeo + μep ) π r 2 ECt (3) 

Where μeo is the electroosmotic mobility, μep is the elec- 

rophoretic mobility, r is the radius of the capillary, E is the 

trength of the electric field, C is the concentration of that partic- 

lar solute, and t is the injection time. Irrespective of these issues, 

lectrokinetic injection is still generally preferred in CE-SDS as it 

as a better ability to increase the sensitivity relative to hydrody- 

amic injection [22] . 

Closely related to injection is the concept of stacking, which is 

aused by electrophoretic phenomena [ 23 , 24 ]. Common techniques 

f sample stacking include Field-amplified sample stacking (FASS) 

nd Field-amplified sample injection (FASI). In brief, the former 

ses hydrodynamic injection and the latter electrokinetic injection 

o insert a plug of lower conductivity relative to the BGE into the 

apillary that helps focus the analytes into narrow bands, subse- 

uently yielding taller, sharper peaks which improves the detec- 

ion sensitivity [23] . This is achieved due to electric field differ- 

nces in the sample plug and BGE, causing the analytes to acceler- 

te in the sample plug and slow down at the interface of the sam- 

le and BGE, leading to them being concentrated at this bound- 

ry. Other methods of stacking have also been developed, such as 

hose based on pH junction [ 25 , 26 ], sweeping [ 27 , 28 ], and isota-

hophoresis [29] . Like the type of injection, the choice of stacking 

echnique depends on many different factors. 

apillary gel electrophoresis 

CE-SDS can be thought of as a combination of regular CE and 

DS-PAGE. In essence, the BGE is replaced with a sieving gel ma- 

rix and the sample is treated with SDS and heated to denature the 
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Fig. 1. Schematic representation of the size-based separation in CE-SDS. 
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roteins providing a consistent coating of about 1.4g SDS per gram 

f protein [ 30 , 31 ] and a uniform anionic charge to size ratio, or a

niform q/r ratio. Furthermore, when all the proteins in a sample 

re coated with SDS, the effects of the intrinsic charge on individ- 

al proteins are negligible. When substituted back in Eq. 1, it can 

e seen that following denaturation and SDS treatment, μ is now 

he same for all the analytes and consequently, separation is now 

ased solely on the size of the analytes, with the gel acting as a 

olecular sieve. Either of the injection methods noted in Section 

.1 can be used, with electrokinetic injection still favored for in- 

reased sensitivity as well as the fact that it does not displace the 

el inside the capillary. The polarity of the electrode is flipped so 

hat the anode is on the outlet side, and upon the application of a 

oltage, separation is now driven only by the size of the proteins 

s they navigate the pores of the gel ( Fig. 1 ). The nature of this

atrix can allow for EOF suppression and prevents proteins from 

nteracting with the walls of the capillary [17] , however, EOFs may 

ot be completely suppressed by lower viscosity gels. Coated cap- 

llaries can be used if this is a cause of concern, however they are

iable to causing undesirable interaction with the migrating ana- 

ytes. 

The gels themselves are largely made up of a polymer, buffer, 

n organic compound, detergent, and a reducing agent [32] . The 

olymer is responsible for creating the network of pores that cause 

he sieving effect, the buffer helps in maintaining pH and conduc- 

ivity, the organic component improves resolution, the detergent 

nsures that the protein to detergent ratio stays constant, and the 

educing agent prevents the reformation of disulfide bonds in case 

f reduced CE-SDS [32] . Additives can also be added to the gels, 

 prominent example being chelating agents such as EDTA. The in- 

eraction between all the above components is complex and substi- 

uting compounds or varying their concentration creates numerous 

el formulations that allows for freedom to tailor a formula that 

est suits the users interest. As CE-SDS is a size-based separation, 

t is imperative to select the optimal sieving matrix. A good matrix 

hould be able to create a uniform network of pores, have minimal 

ackground noise, not bind migrating molecules, be robust, and be 

ell-suited to the detection technique employed [33] . 

Broadly speaking, there are two classes of gels, crosslinked 

hemical gels and non-crosslinked physical gels [33] . While 

rosslinked gels like those made from polyacrylamide work well 

s slab gels in SDS-PAGE, issues such as bubble formation due to 

hrinkage of the gel within the capillary and clogging of the capil- 

aries is common when used in CE-SDS applications [ 33 , 34 ]. In ad-

ition, the matrix is also highly susceptible to alkaline hydrolysis 
3 
 35 , 36 ]. Furthermore, only a limited number of runs could be done

ith this system as once issues with injection or separation arise, 

he capillary must be replaced. To overcome this limitation, non- 

rosslinked gels were created, the first using linear polyacrylamide 

s the polymer [37] . Other examples of these water soluble poly- 

ers include dextran [32] and polyethylene glycol [38] , amongst 

thers. In these gels the network of pores in caused by physical 

ntanglement of the polymer. At low concentrations, these poly- 

ers do not form a sieving matrix, but at and above a specific 

oncentration termed as the overlap threshold concentration, the 

olecules of the polymer get entangled and form a porous net- 

ork capable of sieving [ 12 , 33 ]. These interactions are transient 

ith the linkages being constantly broken and renewed [33] . The 

ost important virtue of using non-crosslinked gels is the ease of 

egeneration, thus extending the lifetime of the capillary and im- 

roving the reproducibility [34] . 

The advantages of using the capillary format for separation over 

raditional slab gel SDS-PAGE are numerous. These include easier 

et up with lower sample and reagent consumption, increased res- 

lution, superior heat dissipation that permits the application of 

igher voltages and subsequently lower run times, and real time 

ample analysis with an on-capillary detection system [ 2 , 34 , 39 , 40 ].

hen non-crosslinked gels are chosen as the separation matrix, 

he capillary can be regenerated between runs and be reused. CE- 

DS is also highly automated [ 2 , 34 , 40 , 41 ], allowing for multiple in-

ections and samples to be tested within a single experimental run. 

inally, the reagents used are more environmentally friendly than 

hose used in SDS-PAGE. The versatility of the technique through 

lteration of the separation matrix, injection, or detection method 

an help users find the optimal separation method for their in- 

ended application. 

imitations and challenges of CE-SDS 

While CE-SDS outperforms SDS-PAGE under numerous param- 

ters, there are still drawbacks and challenges to using this tech- 

ique. The biggest challenge for CE-SDS, inherited from the cap- 

llary based parent electrophoresis technique is the relatively 

ow concentration sensitivity of the most frequently used UV- 

bsorption detection [23] . This is due to the narrow internal diam- 

ter of the capillary tubes, yielding a short path length and con- 

equentially, a lower absorbance associated with online detection. 

o increase sensitivity, a commonly used detection method is LIF, 

hich, generally, can detect peptides and proteins using their na- 

ive fluorescence caused by aromatic amino acids that can be ex- 

ited in the region of UV light [ 42 , 43 ], however, for wide appli-

ability, it requires labeling or tagging of proteins to further in- 

rease sensitivity of all proteins, regardless of their specific aro- 

atic amino acid composition. Challenges with this method in- 

lude labels that only bind to specific sites or do not bind evenly, 

otentially resulting in a combination of labeled, partially labeled, 

nd unlabeled target analytes [34] . Furthermore, the advantage of 

ower sample injection volumes can also be a disadvantage due 

o the lower amount of analyte in the capillary resulting in infe- 

ior sensitivity, especially when compared to traditional separation 

echniques such as HPLC [44] . Improving the detection limits of 

E has been an area of intense focus, with a series of bi-annual 

eviews highlighting the most significant advancements made on 

his topic from the early 20 0 0s onwards [ 23 , 45-50 ]. 

A second issue that is also seen with SDS-PAGE is the uneven 

inding of SDS to certain molecules. The most prominent example 

s the lowered binding of SDS to carbohydrate or glycan groups 

ttached to proteins. It is thought that only 0.2 g of SDS binds 

er gram of glycan [51] , which is much lower than the 1.4 g of

DS that binds each gram of protein that we noted earlier [ 30 , 31 ].

his results in migration differences that might not be indicative 



R. Bhimwal, R.R. Rustandi, A. Payne et al. Journal of Chromatography A 1682 (2022) 463453 

o

t

a

m

t

p

s

o

h

a

i

r

q

t

c

i

t

h

c

a

a

o

a

b

[

a

e

u

t

a

t

m

t

p

o

o

(

u

v

i  

O

c

e

a

c

f

e

S  

k

a

s

c

s

p

R

j

p

a

S

m

m  

e

d

[

g

a

r

u

w

i

o

i

a

t

w

i  

a

c

h

a

t

e

t

i

I

t

f

r

h

T

r

I

t

d

(

t

h

c

h

t

d

b

b

g

i

t

b

c

i

c

a

o

m

t

t

b

s

c

a

t

n

f the actual relative molecular mass (M r ) of this glycosylated pro- 

ein. This is an important limitation to tackle as glycosylation plays 

n important role in developing new therapeutics, specifically with 

onoclonal antibodies (mAbs). It is also worth noting that other 

ypes of modifications such as phosphorylation have also been re- 

orted to demonstrate reduced SDS binding due to charge repul- 

ion [52] . Research that characterizes the effects of glycosylation 

n migration as well as improving surfactant coating of proteins 

ave been covered within this review. 

Peak profiles and migration times must remain consistent 

cross replicates for CE-SDS to be a useful analysis. Inconsistent 

njection amounts and variations in the sample or matrix prepa- 

ation can affect the electric field within the capillary and subse- 

uently give irreproducible peak areas, peak heights, and migra- 

ion times for the same analyte [44] . Additionally, changes in the 

apillary surface and EOF can also affect reproducibility. The EOF 

s influenced by many parameters such as the ionic strength of 

he buffer, the pH, viscosity, and temperature, to name a few. A 

igh EOF or inadequate suppression of even a relatively low EOF 

an have adverse effects. These include pumping out the analytes 

s they are being injected (for electrokinetic injection), a longer 

nalysis time as μ is in the opposite direction, or even completely 

vercoming μ and failing to yield a separation profile. These effects 

re not limited to the analyte, as the separation matrix can also 

e carried toward the inlet side and pumped out of the capillary 

34] . Coated capillaries can mitigate this problem. In most cases 

 coating isn’t needed as commercially available gels are viscous 

nough that they offer adequate EOF suppression. These ready-to- 

se gel formulations have made it easy to separate proteins but op- 

imization of the matrix might be required depending on the target 

nalyte of interest, specifically in the case of non-mAb therapeu- 

ics [53] . However, the proprietary nature of these commercial gels 

akes them difficult to tweak, which might leave the user with 

he option of adjustment and optimization of the off-shelf CE-SDS 

roducts, thereby increasing the complexity of the process in terms 

f identifying the optimized formula in addition to the assessment 

f the assay requirements as listed in the analytical target profile 

ATP) [53] . 

In addition to these challenges, there are other limitations with 

sing CE-SDS. While it can be used to isolate specific proteins 

ia microscale fraction collection, another technique is required to 

dentify the proteins in these fractions, such as MALDI-MS [ 54 , 55 ].

n the other hand, one can both separate and employ multilane 

omparison with standards/ladder using SDS-Page which is not 

asy to reproduce in conventional CE-SDS [56] . However, the scale 

nd analysis time in CE-SDS does offset this limitation. Moreover, 

ommercial instruments such as the BioPhase 8800 by Sciex allow 

or multi-capillary analysis in parallel [57] . There is also a differ- 

nce in the effective sieving range, with commercially available CE- 

DS gels able to resolve protein sizes of 10 kDa to 225 [58] or 270

Da [59] . In contrast to this, commercial gels to separate proteins 

s large as 500 kDa through SDS-PAGE are available [60] . 

While it may seem that the challenges and limitations pre- 

ented above are a barrier for the routine use of CE-SDS, signifi- 

ant research has been done to overcome these issues. The most 

ubstantial advances made from the years of 2015-2021 will be 

resented in the following section. 

ecent advances 

The chosen works have been sub-sectioned based on the ma- 

or topics the respective publications address. An overview of the 

apers critically examined, the primary topic addressed, the target 

nalytes, and key takeaway is presented in Table 1 . 
4 
ieving matrix 

Kits to run CE-SDS are commercially available with the sieving 

atrix (separation matrix) sold by Sciex (previously sold by Beck- 

an Coulter) thought to be the most often used gel [17] . While the

xact formulation of the gel is proprietary, it is known to contain 

extran as the polymer and boric acid as part of the buffer system 

32] . The chemistry between dextran and boric acid makes these 

els ideal for separations of therapeutic candidates and this inter- 

ction has been reviewed in later sections. Furthermore, a recent 

eview of this gel details the best applications for using this prod- 

ct for the development of CE-SDS methods [17] . While this work 

as based on the Sciex gel, the author does note that the work- 

ng practices noted in the paper can be extrapolated and used for 

ther gels as well. Another study compared commercially availabil- 

ty instruments sold by Sciex, Protein Simple, Agilent, PerkinElmer, 

nd Prince Technologies for CE-SDS separations and a review of 

his work might help new users decide on the instrument that 

ould best suit their needs [61] . As the entire principle of CE-SDS 

s based on the separation of proteins by M r , it is crucial to choose

n optimal sieving matrix for the intended application. Of practi- 

al interest is the separation of non-glycosylated and glycosylated 

eavy chains of antibodies. The glycan groups can be bulky and 

dd to the M r of the heavy chain. Moreover, we have noted how 

hese groups do not bind SDS effectively, leading to inaccurate M r 

stimations. However, there is also potential to use these glycans 

o enhance the separation between the two types of heavy chains. 

A recent study by Filep and Guttman investigated the selectiv- 

ty of these heavy chains on dextran-borate crosslinked gels [62] . 

t should be noted that while the authors use the term crosslinked, 

he linkage between the two constituents is continuously being 

ormed and broken apart as it is an entangled gel. If present in the 

ight spatial arrangement, borate ions form complexes with poly- 

ydroxy compounds that contain 1,2 or 1,3 cis-diol groups [63] . 

his principle also applies to glycoproteins [64] and any free bo- 

ate ions can complex with the glycan groups on the heavy chain. 

n the reviewed study [62] the authors created two gel formula- 

ions, the first with a higher dextran and borate concentration (10% 

extran/4% boric acid) and the second with a lower concentration 

2% of each component). For a mAb, they found that on the lat- 

er the resolution between the non-glycosylated and glycosylated 

eavy chains was 75% higher than the former. This is a signifi- 

ant finding as the initial thought might be that the gel with a 

igher dextran-borate concentration would have a higher resolu- 

ion due to the greater sieving effect of the gel. However, the 2% 

extran/2% boric acid gel likely has more intrachain 1:1 dextran- 

orate bonds that have a free B(OH 2 )- group on each molecule to 

ind the glycoprotein moieties. This interaction briefly links the 

lycosylated heavy chain to the matrix, impeding migration and 

ncreasing the resolution between the peaks. On the other hand, 

he 10% dextran/4% boric acid gel likely has more 2:1 interchain 

onds, with significantly less free borate groups to bind the gly- 

an moiety. While the resolution between the heavy chains was 

mproved, about 50% lower resolution was seen between the light 

hain and non-glycosylated heavy chain on the 2% dextran/2% boric 

cid gel. This was not surprising as the sieving effect and viscosity 

f this gel would be lower, as demonstrated through the shorter 

igration time, even with an EOF that is very likely higher than 

hat of the 10% dextran/4% boric acid gel. It would thus appear 

hat for comparison of non-glycosylated species, a higher dextran- 

orate concentration and ratio is better. To probe this relation- 

hip the authors evaluated a range of dextran and boric acid con- 

entrations between the previously tested concentrations and cre- 

ted three dimensional plots displaying the selectivity between 

he light chain and non-glycosylated heavy chain as well as the 

on-glycosylated heavy chain and heavy chain combinations. These 
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Table 1 

Overview of the papers that were critically reviewed. 

Author Primary Area of 

Focus 

Target Analytes Key Takeaway 

Filep and Guttman [62] Sieving Matrix 

Composition 

mAb By changing the ratio of dextran and boric acid in the sieving matrix the interaction 

between these components can be manipulated to optimize either the separation of 

glycosylated species from non-glycosylated species or non-glycosylated species from one 

another. 

Guttman et al. [66] Sieving Matrix 

Composition 

mAb Altering the dextran and boric acid concentration in the sieving matrix allows the gel to 

be optimized for various purposes such as screening, shorter analysis time, resolution, 

and selectivity of glycans. 

Crihfield and Holland [67] Sieving Matrix 

Composition 

Human Serum 

Proteins 

A nanogel composed of phospholipids was demonstrated to be thermally responsive by 

fluctuating between low and high viscosity in a temperature dependent manner. 

Between certain gel concentration and temperature ranges, a separation matrix that was 

able to separate proteins in the 20 – 80 kDa range was formed. 

van Tricht et al. [72] Sieving Matrix 

Composition 

Viral Proteins A simple yet effective method of diluting the commercial Sciex gel in Milli-Q water in 

conjunction with sample preparation enhancements was found to improve the 

resolution of the viral proteins tested. 

Zhang and Meagher [74] Sample Stacking Viral Proteins Sample stacking achieved by desalting the sample and pre-injecting a plug of water into 

the capillary was found to increase the sensitivity by three orders of magnitude relative 

to CE-SDS in the more conventional format. 

Danish et al. [76] Sample Tagging Membrane 

Proteins 

Molecular cloning was used to tag proteins with GFP and CE-SDS was run with LIF 

detection, revealing an LOD that is 5-fold lower than that obtained on a microplate 

reader. 

Beckman et al. [80] Detergent in 

Sample Buffer 

and Sieving 

Matrix 

Recombinant 

Therapeutic 

Proteins (RTP), 

including mAbs 

Using sodium hexadecyl sulfate (SHS) as the detergent during sample preparation and in 

the sieving matrix was found to increase the number of theoretical plates and resolution 

relative to using SDS, leading to the hypothesis that longer chain detergents improve 

separation of proteins that have a thermal stability that is very high, such as the RTP 

tested. 

Guan et al. [82] Detergent in 

Sample Buffer 

and Sieving 

Matrix 

Recombinant 

mAbs 

For reducing CE-SDS, preparing the sample in a buffer containing sodium tetradecyl 

sulfate (STS) and running it on a gel containing both SHS and SDS was found to improve 

protein denaturation by reducing aggregates of higher M r . 

Guan et al. [83] Detergent in 

Sample Buffer 

and Sieving 

Matrix 

Recombinant 

mAbs 

For non-reducing CE-SDS, utilizing a sieving matrix containing SHS and SDS was found 

to reduce the formation of protein aggregates. 

Filep and Guttman [85] Effect of 

Temperature on 

Separation 

mAb and 

Nanobody 

A relationship between the size of the proteins in a M r standard and the activation 

energy to move through the matrix was found. However, no such relationship between 

size and activation energy was seen for the biotherapeutic proteins, which differ more 

from each other than the proteins in the standard. 

Wang et al. [91] M r 

Determination 

Glycoproteins This study provides a good framework for understanding the basis behind the inaccurate 

determination of M r for glycoproteins under reducing and non-reducing CE-SDS and the 

contrast with SDS-PAGE. 

Scheller et al. [92] M r 

Determination 

Glycoproteins Various factors such as interaction between carbohydrates, presence of N-glycans sites, 

sialyation, proline content, and hydrophobicity were found to potentially influence 

migration of either the glycosylated or deglycosylated proteins 

Geurink et al. [53] CE-SDS Method 

Development 

Viral Proteins A four-step framework for the analysis of viral proteins in vaccines using CE-SDS was 

described – 1) Test conditions described in commercially available kits 2) Optimize 

sample preparation 3) Optimize separation conditions and 4) Validate conditions from 

previous steps. 

Filep et al. [99] Applications of 

CE-SDS: New 

Antibody 

Modalities 

Glycoengineered 

and Bispecific 

mAbs 

The separation of newer and complex antibody modalities was evaluated with successful 

separation of a glycoengineered mAb and a bispecific mAb demonstrated. 

Ouimet et al. [101] Applications of 

CE-SDS: 

Protein-protein 

Interactions 

(PPIs) 

Heat Shock 

Proteins 

PPIs can be investigated using CE-SDS by crosslinking the analytes with formaldehyde 

before injection, with a crosslinking time of only ten minutes. 

Ouimet et al. [103] Applications of 

CE-SDS: PPIs 

Heat Shock 

Proteins 

Building on the above study, using glutaraldehyde to crosslink the sample reduced the 

treatment time to 10 seconds. Further adjustments to the capillary, separation matrix, 

and sample injection reduced the per sample analysis time to one minute. 

Ouimet et al. [110] Microchip-CGE 

(M-CGE) 

Heat Shock 

Proteins and 

Enzymes 

A device was developed for M-CGE that results in a high throughput method where 

each sample is analyzed in 10 seconds. 

Arvin et al. [111] Microfluidic 

System for 

Western 

Blotting 

Actin and A431 

Cell Lysate 

Separated analytes are deposited directly onto a membrane following M-CGE, with the 

reagents needed for detection also added directly, resulting in assay completion within 

90 minutes. 

Smith et al. [114] M-CGE Method 

Development 

mAbs Critical method parameters for sample preparation were identified and working ranges 

were developed that can be used for testing mAbs in cGMP and R&D environments. 

5
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Fig. 2. Three-dimensional selectivity plots demonstrating the effect on selectivity between the light chain and non-glycosylated heavy chain (left) and the non-glycosylated 

heavy chain and glycosylated heavy chain (right) pairs of the tested mAb at varying dextran and boric acid concentrations. Reproduced from ref. [62] with permission. 
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lots are shown in Fig. 2 . In brief, the plots expand on the find-

ngs noted above, with an excess amount of dextran at constant 

oric acid concentrations increasing the selectivity of the non- 

lycosylated subunits ( Fig. 2 , left), while the lowest amount of dex- 

ran and boric acid offers the best selectivity between the two 

eavy chain subunits ( Fig. 2 , right). These plots provide a good 

eference point for users when determining the optimal concen- 

rations of dextran and boric acid. Finally, when comparing intact 

lycosylated and non-glycosylated antibodies, no resolution differ- 

nce was seen using the above gels, likely due to the arrangement 

f the glycans between the two heavy chains, restricting access to 

he B(OH 2 )- groups [65] . Overall, this study demonstrates the use 

f boric acid and dextran-based gels for the separation of glycosy- 

ated antibody subunits that can be applied to characterize thera- 

eutics. This technique could also be used to separate other gly- 

osylated proteins, dependent on if the glycan groups are spatially 

ccessible when migrating through the matrix. 

Further work from Guttman et al. was carried out to investigate 

he relationship between the dextran and borate concentration and 

he subsequent effect on separation [66] . Using the same mAb and 

oncentration range for dextran and boric acid as in the above re- 

iewed publication, the present work evaluated not just separation 

f the antibody and its subunits, but also a M r standard along with 

iophysical characteristics such as viscosity, electric current, and 

OF. The paper presented the analysis of the boundary gels, de- 

ned as gels formulated using either the upper or lower limits of 

extran (2% and 10% m/v) with either the upper or lower limit of 

oric acid (2% and 4% m/v). These limits were chosen based on ef- 

cient separation of the intended M r range and ease of pumping 

he gel in and out of the capillary as well as mitigating undesired 

ffects like joule heating and EOF. As expected, keeping the dex- 

ran concentration constant while increasing the boric acid con- 

entration led to a lower EOF along with a higher viscosity and 

lectric current measurement. At a fixed boric acid concentration, 

ncreasing dextran led to an increase in viscosity with a decrease 

n the electric current and EOF. To analyze the effect these factors 

ad on mobility, EOF-corrected Ferguson plots were created with 

og μ on the y-axis and percent concentration of dextran on the x- 

xis. A nonlinear, concave shaped curve was seen for both the M r 

tandard and the mAb sample. In brief, for a larger M r analyte, an 

ncreasing curvature was seen with higher dextran concentration, 

hile with increasing boric acid concentration a decreasing curva- 

ure was observed relative to the lower boric acid concentration 

lot. These results demonstrate that the structure of the gel ma- 

rix is altered depending on the concentrations of the polymer and 

uffer (so called “crosslinker”), and a deeper analysis of the results 
6 
ffers useful insight into the type of dextran-boric acid adducts be- 

ng formed. For example, with low borate, the curvature suggests 

hat the borate is the limiting factor at a dextran concentration of 

.5%, while with higher borate complexation between borate and 

0% dextran still takes place. Such plots, along with the three- 

imensional plots presented earlier in this section [62] , present a 

seful platform for method optimization. When analyzing the sep- 

ration profiles, for both the M r standard and the mAb, the 2% dex- 

ran/4% borate gel was found to produce the fastest analysis time, 

ven faster than the 2% dextran/2% borate gel. This is an interesting 

nding as if only the sieving effect is considered the former gel is 

xpected to form smaller pores and cause greater impediment to 

igration. However, the 2% dextran/2% borate gel has more than 

ouble the EOF directed towards the injection side, thereby in- 

reasing the time the analytes take to migrate against this EOF 

nd reach the detection window. The same trend was seen at the 

0% dextran concentration as well, although the actual migration 

imes were higher relative to the 2% dextran gels due to the in- 

rease in viscosity. Consequently, the greatest separation time and 

esolution for non-glycosylated peaks was seen with the 10% dex- 

ran/2% borate gel for both the M r standard and the mAb. Taking a 

eeper look at the mAb, the greatest resolution between the non- 

lycosylated and glycosylated heavy chain was seen on the 2% dex- 

ran/2% borate gel, in agreement with their earlier work [62] , and 

as again attributed to the interaction of the carbohydrate moi- 

ties with the free borate ions in the intrachain adducts. Finally, 

he 10% dextran/4% borate gel was selected as the ideal formula- 

ion for screening purposes, based on the finding that the M r of the 

ntact mAb on this gel was closest to the actual M r compared to 

he other gels, as well as the fact that the M r of the mAb subunits

ere also close to the expected values. The electropherograms an- 

lyzing the mAb and its subunits are shown in Fig. 3 . Each of the

our boundary gels were demonstrated to be the best for a spe- 

ific need, thus showcasing the importance of understanding the 

undamental chemistry behind these gel compositions. Specifically, 

he interplay between factors such as viscosity, current, EOF, and 

ore size were explored in this study to build on previous knowl- 

dge of separation on boric acid and dextran-based gels. 

The two studies presented above are of great importance to 

he CE community as dextran and borate-based gels are routinely 

sed for separation but not much work has been published about 

he chemistry behind these gels. These studies provide researchers 

ith valuable information that allow for selection and customiza- 

ion of a gel formulation based on their needs and provide practi- 

al value for the separation of proteins such as therapeutic mAbs. 

uture work can investigate the effect on the separation of non- 
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Fig. 3. Separation of intact mAb and reduced subunits on gels at the boundary of the dextran and boric acid concentrations. a) 10% dextran/4% borate b) 10% dextran/2% 

borate c) 2% dextran/4% borate and d) 2% dextran/2% borate. The first peak corresponds to the 10kDa internal standard. Key: LC – Light Chain, ngHC – Non-glycosylated 

Heavy Chain, HC – Heavy Chain, and mAb – Monoclonal Antibody. The red line indicates glycosylation. Reproduced from ref. [66] with permission. 
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Ab glycosylated therapeutics, as it would be interesting to see to 

hat extent these gels can be used to increase the resolution be- 

ween similarly sized proteins with different glycosylation levels. 

Studies on other types of sieving matrices have also been car- 

ied out. A 2021 study by Crihfield and Holland investigated the 

se of a nanogel for capillary electrophoresis [67] . The novelty 

f this gel, which was used previously for the separation of DNA 

68] , is that changes in temperature cause great changes in the 

iscosity of the gel, such as a 480-fold increase when the tem- 

erature is raised by as little as 6 °C, leading to the formation of 

 viscous, interconnected ribbon network at temperatures of 24- 

9 °C [ 69 , 70 ] and a low viscosity solution comprised of nanodisks

t lower temperatures. This makes it easier to pump the nanogel 

n and out of the capillary. The gel is a non-denaturing phospho- 

ipid nanogel made of 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) 

n a DMPC:DHPC ratio of 2.5. The entire preparation was described 

n earlier work [71] . In this study, the authors found that at 27 °C,

anogel concentrations of 20, 25, and 30% (m/v) along with a 

emipermanent capillary coating with 5% (m/v) DMPC:DHPC in a 

atio of 0.5 were able to mitigate the EOF significantly and allow 

or the separation of proteins in the 20-80 kDa range. They demon- 

trated superior separation and quantification of three proteins in 

uman serum with similar charge to size ratios over gel free CE, 

n unsurprising result as without separation based on other fac- 

ors (such as sieving), proteins with similar charge to size ratios 

ill be detected closer together in free solution. A comparison to 

raditional CE-SDS would have yielded value information about the 

anogel. 

While the use of such thermally responsive gels is unique, there 

s a lot to be desired in terms of practical applications. Firstly, 

he cartridge for the P/ACE MDQ Plus instrument used in this 

tudy does not provide temperature control over the entire cap- 

llary. While most of the capillary can be temperature regulated, 
7 
he ends of the capillary are notably an exception. This is specifi- 

ally an issue at the inlet side, as the nanogel will be most likely at

 different conformation than the rest of the gel inside the capil- 

ary, depending on other factors like instrument and room temper- 

ture. The authors do not address this issue and further investiga- 

ion is warranted for the injection of analytes into the unregulated 

emperature region of the capillary. Secondly, the separation range 

f 20-80 kDa is narrow, especially given that the analysis is non- 

enaturing. Furthermore, since the proteins are intact, the shape 

f the protein will also affect migration through the gel, possibly 

ielding skewed M r estimations. In addition, without knowing the 

imit of detection (LOD) and quantification on these gels, it is dif- 

cult to assess the usefulness of the non-denaturing factor. If the 

imits are high and knowing that any individual protein fractions 

ollected will have to be analyzed further with a second technique, 

t might be best to use other techniques or run CE-SDS. While the 

uthors do not address the possibility of denaturing the proteins 

ith SDS, it would be interesting to see whether this is possible 

nd what the separation profile would look like. There may even 

e practical uses such as purity assessment of mAbs as the reduced 

nd denatured light and heavy chains typically fall between the 

eparation range of the nanogel. The authors also note that one 

dvantage of their nanogel is that the capillary does not have to 

e covalently modified for reverse polarity separation. Overall, the 

ovelty of this work is to be appreciated, but further research is 

eeded to assess whether nanogels might be an alternative for the 

urrently used separation matrices in CE-SDS. 

Improvement of the sieving matrix does not have to be done by 

aking the separation gel from scratch. It is possible to tweak the 

ommercially available formulations in a simpler approach. A 2015 

tudy from van Tricht et al. demonstrated that diluting the com- 

ercial separation matrix sold by Beckman Coulter (at the time, 

urrently Sciex) can lead to an increased resolution and reduced 

nalysis time for the study of viral influenza proteins [72] . One 
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Fig. 4. Electropherograms demonstrating the effect of commercial gel dilution and separation voltage for separation of reduced and deglycosylated A/Victoria viral samples. 

All samples were electrokinetically injected for 100s at – 18 kV. A) Dilution of the separation gel to (a) 100% (b) 90% and (c) 70% of the original concentration. B) On a 70% 

separation gel, separation voltage of (a) -13.5 kV (b) -16.5 kV (c) -19.5 kV and d) -22.5 kV. Key: HA2 – Hemagglutinin Fragment 2, M – Matrix Protein, HA1 – Hemagglutinin 

Fragment 1, and NP – Nuclear Protein. Reproduced from ref. [72] with permission. 
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f the key findings of this work was that by diluting the separa- 

ion gel in Milli-Q filtered water, higher voltages can be applied 

uring the separation step and the resolution of proteins that mi- 

rate close together can be increased. Using the commercially rec- 

mmended separation conditions and an optimal injection condi- 

ion of 100s at -18 kV to inject their reduced and deglycosylated 

iral samples, the authors observed that the resolution between 

wo similarly sized proteins, the matrix protein (M) and hemag- 

lutinin fragment 1 (HA1), was only 0.6, which is not adequate for 

uantification. However, by diluting this gel, the resolution could 

e increased, with a maximum increase of more than two-fold to 

1.3 between the M and HA1 peaks seen on a separation gel 

iluted to 70% of its original concentration ( Fig. 4A ). The fastest 

igration time for this gel was observed under a separation volt- 

ge of -22 kV, with all peaks being detected in about 12 minutes 

 Fig. 4B ). To obtain these results, the sample preparation was op- 

imized to increase the signal to noise ratio through an investi- 

ation of the concentration and choice of reducing agent as well 

s the incubation time and temperature for denaturation. The final 

elected parameters were a 10-minute incubation at 100 °C using 

.9M 2-mercaptoethanol as the reducing agent. The overall time 

f the assay was also reduced by qualifying the implementation 

f a 1-hour deglycosylation step as opposed to the previously rec- 

mmended overnight deglycosylation. The authors decided to use 

ydrodynamic injection in their final method as it is thought to be 

ore precise [73] , and an investigation into optimization revealed 

njection conditions of 100s injection at 100 mbar, separation con- 

itions of -20 kV at 32.5 °C, and the commercial gel diluted to 85%

f its original concentration yields an electropherogram similar to 

hat produced by using electrokinetic injection on a 70% gel at 

5 °C. This was the final method that was validated and success- 

ully tested for quantification of influenza virus and virosome sam- 

les. 

The brilliance of this work is in its simplicity. While the ear- 

ier reviewed articles in this section require the user to hand make 

heir own gels, this paper provides a more straightforward im- 

rovement. Using their optimized methodology, the analysis time 

f 100 samples was reduced 60%, with CGE analysis taking 4 days 

s opposed to 10 days typically required by other techniques such 

s single-radial-immunodiffusion. Through method validation, the 

ccuracy, linearity, and repeatability were shown to be comparable 

f not better than HPLC, providing further practical value over com- 

only used separation techniques. In terms of drawbacks, while 

ot noted by the authors, it appears that the resolution between 

igher M r peaks can be reduced under some of the tested condi- 

ions ( Fig. 4B ). Thus, the user must decide on the appropriate dilu- 
8

ion, separation voltage, injection method, and other conditions de- 

ending on the sample of interest. For unknown samples, it would 

e easier to follow the guidelines set by the commercial kit as a 

tarting point. The authors do point out that even diluting the gel 

y 10% did not allow the subunit peaks for a reduced mAb to be 

eparated, further supporting the need to optimize the method for 

ach different protein sample. This can be a tedious undertaking 

nd one might resort to using the commercial formulation or an- 

ther separation technique. 

nhancement of detection sensitivity 

As noted in Section 2.3, one of the biggest limitations of CE- 

DS is the relatively low concentration sensitivity of the most fre- 

uently used UV-absorption detection. It is important to select 

he optimal mode of injection and injection conditions (voltage 

nd time) to ensure the ideal amount of sample enters the cap- 

llary. Another method to increase the sensitivity is to tag the pro- 

eins with a fluorescent compound and use LIF detection instead of 

he more commonly used UV detection. Finally, preconcentration 

ethods are routinely used to improve sensitivity, such as through 

tacking. 

A 2017 study by Zhang and Meagher demonstrated that sensi- 

ivity of CE-SDS can be increased by three orders of magnitude for 

he separation of capsid proteins of Adeno-associated virus (AAV) 

ia the use of head-column field-amplified sample stacking (HC 

ASS) [74] . In this work, the sample was desalted by exchanging 

he sample solution to reduce the conductivity of the buffer used 

or sample preparation. A water plug was hydrodynamically in- 

ected into the capillary tube for 24 seconds at 20 psi right before 

ample injection. The BGE used was the commercial gel from Beck- 

an Coulter/Sciex. The conductivity of the water plug was 0.055 

S/cm and that of the sample following desalting was 0.81 μS/cm, 

hile the conductivity of the BGE was much higher at 1.52 mS/cm. 

t the sample injection step, this led to a stronger electric field in 

he water plug and caused the analytes to move faster in the wa- 

er plug and abruptly slow down at the interface between the wa- 

er and the BGE, leading to the observed stacking effect. The ap- 

roximated length of the water plug was calculated to be 10 mm, 

ut the authors noted that residual EOF directed towards the in- 

et led to shortening and eventual complete pumping out of this 

lug under an applied voltage. The LOD of this technique was cal- 

ulated to be 0.2 ng/mL with only 20 pg of the protein sample 

eing loaded into the injection vial. This was calculated to be on 

ar with CE-SDS used with LIF detection and SDS-PAGE with sil- 

er staining. However, unlike the former, the samples used did not 
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eed to be tagged or modified in any way, while detection was in 

eal time and on-line unlike the latter. Furthermore, this method 

ses a much lower concentration of protein than orthogonal ap- 

roaches. When analyzed against regular CE-SDS methodology de- 

cribed by the Beckman Coulter application guide (PN A51970AD, 

an 2014), the authors found that even when the stacking method 

as used to load 6960-fold less protein, the separation profiles 

ere similar although a lower sensitivity was seen with the stack- 

ng method. However, when corrected for sample concentration, 

he reported results were a 3500-fold sensitivity enhancement over 

onventional CE-SDS. Finally, the authors were able measure the 

urity of the capsid proteins with a low RSD of < 1%, with only 25

g of protein being added to the injection vial. This work demon- 

trates a simple stacking mechanism that can be used to improve 

he analysis of proteins, specifically those that might be present 

n low concentrations. Given that a lower amount of sample is re- 

uired for detection compared to regular CE-SDS, this approach is 

lso appealing when working with scarce or expensive samples. As 

emonstrated by the authors, this technique can also be used in in- 

ustry for purity analysis, as it should be able to detect lower con- 

entration impurities or degradation products that might not be 

een with the non-stacking method. Nevertheless, even with the 

emonstrated advantages, questions remain on the exact mecha- 

ism behind the 3500-fold increase in detection sensitivity. As the 

onductivity of the sample is reduced due to desalting, the dif- 

erence in conductivity between the sample and BGE is increased, 

hich should lead to better stacking. Given this step and the pre- 

njection of the water plug, the authors do not clearly state how 

uch each step contributes to the observed stacking effect. 

Labeling the analytes with fluorescent tags combined with LIF 

etection provides a sensitivity that is higher than UV detection 

nd comparable with SDS-PAGE using silver staining [75] . Danish 

t al. [76] were able to use LIF coupled with CE-SDS to separate 

nd quantify membrane proteins that were tagged by green fluo- 

escent protein (GFP). In brief, molecular cloning techniques were 

sed to introduce GFP at the C-terminal of three membrane pro- 

eins and Chinese Hamster Ovary cells were transfected with the 

ecombinant plasmids. In experiments to detect GFP alone, the au- 

hors found that the LOD using their CE-SDS method was 0.168 

g/mL, which is 5-fold lower than the LOD using fluorescence with 

 microplate reader. They also calculated a relative standard devia- 

ion (RSD) of < 2% for the former method. Homogenizing the trans- 

ected cells and running the recombinant protein-GFP conjugates, 

he authors were able to determine the concentration of each of 

he membrane proteins. To confirm the results, binding assays us- 

ng radioligands were used for the two membrane proteins. The 

esults were mixed, with one of the proteins having a similar cal- 

ulated concentration and the other having a 5-fold lower concen- 

ration on the binding assay. This was explained by the fact that 

nly functional protein can bind in the radioligand assay and sub- 

equently only protein that can bind is factored into the concen- 

ration calculation. In CE-SDS, all protein, even if unfolded or non- 

unctional, are detected as part of the same peak as long as the 

 r is the same. All things considered, the use of GFP was success- 

ul and provides a method to increase sensitivity. There are a few 

mportant findings to highlight in this paper. The first is that not 

nly is the 5-fold sensitivity increase relative to the microplate a 

ood step forward, but with the capillary format the proteins are 

eparated before detection, thus making recognition of the target 

rotein, impurities, degradation, and aggregates that much easier. 

urthermore, using a gel matrix overcomes the drawback of gel 

ree CE approaches where the analyte can interact with the in- 

ide of the capillary leading to poor reproducibility, as observed by 

he authors of the present study as well. The reported RSD of < 2%

s encouraging and increases confidence in the technique moving 

orward. While this paper provides practical support for protein 
9

agging and LIF detection with CE-SDS, it does not overcome the 

iggest problem, which is conjugating the tag to the protein. The 

olecular cloning technique used here is tedious and must be sim- 

lified if it is to be adopted widely. Furthermore, GFP has a size of 

6.9 kDa [76] which will cause an increase in migration time. The 

ost convenient method would be to tag the proteins in a test 

ube using a fast and robust method. A technical note released by 

ciex details a simple method to conjugate capsid proteins of AAV 

o a LIF detectable dye known as Chromeo P503 [77] which is al- 

ost 70-fold smaller at 393.29 Da [78] . The described two step 

denature and label” methodology can be carried out in less than 

ne hour and demonstrates an increased sensitivity relative to UV 

bsorbance [77] . Such avenues are promising for the future of pro- 

ein tagging but further experimentation is required to determine 

he suitability and robustness of these commercially available dyes 

ith CE-SDS. 

The sensitivity of the method is also influenced by the injec- 

ion conditions, which in turn depend on factors such as the type 

f injection method used, the voltage, injection time, conductivity, 

nd viscosity of the BGE. In Section 3.1 we saw that to get optimal 

esults using electrokinetic and hydrodynamic injection on diluted 

ommercial gels, the concentration of the gel and the tempera- 

ure during separation had to be optimized for each injection type 

72] . Five years after that study, follow up work from Geurink et al. 

akes a deeper dive into the chemistry behind those observations 

53] . When the gel is diluted, the viscosity decreases, leading to 

n increase in the conductivity. However, the dilution also reduces 

he ionic strength of the gel, thereby decreasing the conductivity. 

hese conflicting effects on the conductivity were studied and it 

as found that the net effect was a reduction in conductivity at 

ll dilutions and temperatures evaluated, revealing a greater effect 

rom the reduction in ionic strength. For electrokinetic and hydro- 

ynamic injections, the effects of this are opposing. With a reduced 

onductivity, less sample is injected with electrokinetic injection. 

ydrodynamic injection does not depend on conductivity but does 

orrelate to the viscosity of the BGE. As the viscosity is reduced, 

ore sample is injected relative to the undiluted commercial gel 

at a given pressure and time). Regardless of the type of injection 

ethod, the effect on sample stacking is consistent. With a low- 

red conductivity and therefore a lowered conductivity difference 

etween the sample and BGE, the stacking effect is lowered. This 

s a bigger problem with hydrodynamic injection as it can lead to 

 wider sample plug and subsequent peak broadening. Optimiza- 

ion is thus required for both injection conditions. This paper by 

eurink et al. goes on to establish an approach to develop CE-SDS 

ethods for different sam ples that has been examined further in 

ection 3.6. However, these findings are worth mentioning in this 

ection as it provides a link amongst the concentration of the siev- 

ng matrix, injection method, and sensitivity. 

etergent 

The use of SDS as the surfactant in electrophoresis is well es- 

ablished, starting with PAGE and then being translated over to CE. 

owever, the biggest drawback to using SDS is that it does not 

ind evenly to all proteins, such as proteins modified with glycan 

esidues, as mentioned in Section 2.3. Given that 1.4g of SDS is 

ound to a gram of protein [ 30 , 31 ] but only 0.2g of SDS is present

n each gram of glycan [51] , stark differences can be seen between 

he actual and apparent molecular mass on the gel. Attempting to 

eplace SDS with other detergents has been routinely carried out 

or PAGE [79] and similar investigations have now been published 

or CGE as well. 

A 2018 study from Beckman et al. investigated the use of de- 

ergents with varying alkyl chain lengths in the separation gel and 

ample buffer for the separation of recombinant therapeutic pro- 
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Fig. 5. Electropherogram of the Fc-Adnectin fusion protein on a separation gel composed of SDS alone (black) or SDS supplemented with 0.2% SHS (red). The molecular 

structures of the detergents are shown in the top left corner. Modified from ref. [80] with permission. 
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eins (RTP), with a focus on an Fc-Adnectin fusion protein that 

hey refer to as RTP-1 [80] . Out of the different detergents tested, 

odium hexadecyl sulfate (SHS) was found to improve the peak 

eparation efficiency and impurity detection the most relative to 

DS at a concentration of 0.2% ( Fig. 5 ), as evidenced by a 2.3-fold

nd 8-fold increase in resolution and number of theoretical plates 

espectively. This was an interesting result as previous work had 

ound that using SHS with PAGE reduced the peak separation effi- 

iency of the model proteins tested [81] , a finding that was seen 

y the authors of the current study as well [80] . They attribute 

he improved separation profile of RTP-1 with SHS to the Adnectin 

omain of the protein that is thermophilic and has a higher den- 

ity of negative charge on one of its sides, thus requiring the more 

ydrophobic longer alkyl tail of SHS to create a protein-detergent 

nteraction that is energetically more favorable for unfolding of the 

rotein. It would seem that SHS can only be used to optimize CGE 

or specific types of protein and based on the Adnectic domain, the 

uthors predict that proteins with very high thermal stability fall 

nder this umbrella. However, this prediction is based on the three 

TPs tested in this experiment and additional studies using differ- 

nt proteins are required. Interestingly, 0.2% SDS was needed in the 

el matrix along with SHS for optimization as it was shown to im- 

rove the peak shape of the internal standard. This is based on the 

hought that longer chain detergents do not coat smaller analytes 

venly as they form bigger micellar structures [81] . Even with an 

mprovement to CGE performance, the biggest drawback to using 

onger chain hydrophobic detergents is that dissolution of the com- 

ound is more difficult than SDS in a hydrophilic environment, as 

videnced by the need to sonicate the preparation in a water bath 

t 70 °C [80] . This should be kept in mind for further optimization

f this technique, as altering the components or their concentra- 

ion can increase the difficulty of getting a homogeneous solution. 

hus, if feasible, altering other aspects of the gel or parameters of 

he CE system might be a more straightforward approach. 
10 
Follow up work from the same group has demonstrated how 

sing longer alkyl chain detergents can help reduce protein ag- 

regation under both reducing [82] and non-reducing conditions 

83] . In the former, a sieving matrix consisting of both 0.3% SHS 

nd 0.2% SDS along with sample preparation using 0.5% sodium 

etradecyl sulfate (STS) was found to be the best combination to 

educe high M r aggregates of recombinant mAbs caused due to 

ncomplete denaturation [82] . An interesting finding the authors 

ention is the need for substituting SDS in both the sieving matrix 

nd sample buffers, which they attribute to competitive binding 

f the surfactant molecules to the analytes leading to a dynamic 

quilibrium. In the second study, a combination of 0.3% SHS and 

.2% SDS in the gel matrix was shown to reduce aggregates under 

on-reducing conditions compared to regular CE-SDS and bring the 

alculated aggregate percentage in line with other reportable tech- 

iques, such as size exclusion chromatography [83] . One significant 

ifference to highlight is that the addition of SHS or STS during 

ample preparation did not have a noteworthy effect on reduc- 

ng aggregation, opposite to the dynamic equilibrium observed un- 

er reduced conditions [83] . While the nature of the non-reducing 

tudy is like the earlier one under reducing conditions, the former 

ffers additional practical importance as non-reducing conditions 

re used to look for reduced fragments and impurities that can 

ome about during the production or purification process [84] . In 

oth above studies, varying the other parameters such as the pH, 

educing agent, SDS concentration, etc. did not help reduce these 

ggregates, further indicating the usefulness of these longer alkyl 

hain detergents. 

Based on this collective work, SHS along with SDS represents 

he best detergent choice in the separation matrix for analyzing 

pecific proteins, with the application seemingly limited to pro- 

eins that do not unfold completely in the presence of SDS due 

o an increased energy requirement to reach this state. Currently, 

o other group has published research on using detergents other 
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han SDS in CGE, so it will be interesting to see if the technique

an be standardized to model proteins, or if improvements can be 

ade to aid in dissolution of SHS and other longer chain deter- 

ents. Nonetheless, this line of research offers useful insight into 

se of non-conventional detergents with higher hydrophobicity for 

he separation of specific types of proteins, specifically recombi- 

ant therapeutics, using CGE. 

emperature 

Selecting the optimal temperature plays a role during both sam- 

le preparation and the separation process. An increase in temper- 

ture causes the viscosity of the matrix to decrease, leading to a 

ecreased migration time, an increased mobility, and an increased 

OF. The conductivity of the gel will also influence the tempera- 

ure as a more conductive system will draw more current and can 

ead to joule heating and consequent band broadening due to in- 

ffective heat dissipation. 

A 2020 study by Filep and Guttman investigated the relation- 

hip between the temperature and the migration of both biothera- 

eutic proteins and M r standards on boric acid and dextran-based 

els [85] . The selected range of temperatures was from 15 – 60 °C 

t 5 °C increments. The goal of this study was to gain insight into

ow the temperature can be optimized during separation based on 

he activation energy required by the SDS coated proteins to move 

hrough the gel. Arrhenius plots were created and used to calculate 

he activation energy that was then plotted against M r . Surveying 

he M r standards revealed that with an increase in M r the activa- 

ion energy decreases exponentially. This non-linearity can be ex- 

lained by larger proteins needing to distort the matrix to migrate, 

hich is not difficult for these bigger and highly charged molecules 

hrough the transiently linked separation matrix. A similar trend 

as seen in an older study on the migration of DNA through non- 

rosslinked CE gels when the activation energy was plotted against 

he fragment size [86] . This contrasts with a study of DNA migra- 

ion through a crosslinked gel where there was a positive relation- 

hip between activation energy and fragment length as the gel is 

nable to distort meaningfully and subsequently more energy is 

equired to push larger analytes through [87] . This trend would 

lso be expected for proteins migrating through these chemically 

rosslinked gels. However, the same analysis using a mixture of 

herapeutic proteins revealed no discernible relationship between 

 r and activation energy. This was attributed to the polypeptide 

onstituents of the two samples. The standard is made of the same, 

nmodified polypeptides while therapeutic proteins are composed 

f various, differing polypeptides and modifications such as glycans 

hat make it difficult to predict the activation energy based on the 

 r of the molecule. This result makes this approach unviable in 

 practical setting such as biopharma where most of the proteins 

eing studied are not made up of the same constituents. Outside 

f activation energy, the authors were able establish a linear rela- 

ionship between μ and 

1 
6 √ 

MW 

with an r 2 of 0.999 calculated based 

n the assumption that molecules migrate with a cylindrical shape 

88] . The r 2 value using this approach was higher than the cor- 

esponding r 2 values based on other models proposed by others 

 89 , 90 ]. This relationship can be used to determine μ once the M r 

s known. It is important to keep in mind that this relationship 

as found on the commercially available SDS MW Gel Buffer from 

ciex and may not hold true on other gels and systems, depending 

n other factors like EOF suppression, type of capillary used, etc. 

urthermore, we have already seen that the link between activa- 

ion energy and size does not hold true for therapeutic molecules, 

aking it possible that this relationship also does not accurately 

escribe similar compounds. The effects of glycosylation have been 

emonstrated previously, and such modifications will affect μ of 

he molecule in a non-M r dependent manner. 
11 
ffects of glycosylation on M r determination 

Throughout this piece we have noted the drawback of glycopro- 

eins not being bound by SDS evenly, which affects the charge to 

ize ratio and subsequently, migration through the gel. In this sec- 

ion, work that was centered on comparing the accuracy of M r de- 

ermination of glycoproteins across CE-SDS, SDS-PAGE, and related 

echniques have been reviewed. 

A 2019 study from Wang et al. sought to compare the migra- 

ion of glycosylated proteins between CE-SDS and SDS-PAGE un- 

er both reducing and non-reducing conditions [91] . Eight experi- 

ental glycoproteins were chosen along with two non-glycosylated 

roteins as controls. Under reducing conditions, the authors found 

hat the M r of the proteins on SDS-PAGE were closer to the theo- 

etical values compared to CE-SDS, where they calculated that each 

lycan site caused an average increase of more than 10 kDa from 

he expected M r . To support the theory that this increase in appar- 

nt M r in CE-SDS is because of glycosylation, the non-glycosylated 

ontrols were observed to run similar to the theoretical M r . Fur- 

hermore, adding PNGase F to remove N-linked glycans under re- 

ucing conditions prior to CE-SDS revealed that the migration time 

as shifted with the proteins now migrating at a M r closer to the 

heoretical expectation. Under non-reducing conditions, the M r on 

DS-PAGE was the same or lower than on reducing SDS-PAGE, an 

xpected result as disulfide bonds might be holding the proteins 

n a tighter conformation, making traversing the pores easier. On 

he other hand, the M r were increased on non-reducing CE-SDS 

ompared to the reduced analysis. The non-glycosylated controls 

nce again ran on par with the theoretical values, indicating that 

his migration shift is glycan dependent. The authors suggest that 

nder these conditions, the glycans can interact with the separa- 

ion gel, a theory put forward in Section 3.1 of this review [62] .

s previously described, the interaction between matrix and car- 

ohydrate would slow down the migration of the analytes. Under 

educing conditions, the authors postulate that this interaction is 

imited, probably due to a shielding effect following denaturation. 

owever, the apparent M r on reducing CE-SDS is still greater than 

n reducing SDS-PAGE, suggesting this effect is not absolute. The 

ffect of sialylation was also tested for a single protein and treat- 

ent with sialidase was found to not influence the migration time 

nd calculated M r . This was interesting as sialic acid is negatively 

harged under electrophoretic conditions and would in theory be 

xpected to add to the negative charge on the molecule [92] . It is

ossible that removing sialic acid leads to better SDS binding, thus 

ffsetting the loss of the negative charge by desialylation through 

etergent binding, although the authors conclude that the charge 

resent on the glycans do not play a role in influencing mobility. 

his study provides a demonstration of the inaccuracy seen in the 

 r determination of glycoproteins with CE-SDS, which is of critical 

mportance to address as it is a barrier to true characterization of 

lycosylated analytes especially given the relevance of glycosylated 

herapeutic proteins such as mAbs. Further work is needed to un- 

erstand the relationship between glycan modification and shift in 

igration time with CE-SDS. 

An analogous study by Scheller et al. compared the effect of 

lycosylation not only across CE-SDS instrumentation and SDS- 

AGE, but also across related methods like microchip CE-SDS and 

imple Western [92] . Using these methods, seven proteins were 

un with and without their glycan groups. In brief, a range of dif- 

erences in the reported M r were seen both across methods and 

lycosylation condition. The results are presented in Table 2 . 

Most notable is the greater molecular mass for the majority 

f the glycosylated proteins on the CE-SDS and CE-SDS PLUS sys- 

ems relative to the other techniques. Deglycosylation was found to 

ring the molecular mass closer to the theoretical amounts, con- 

rming the effect of glycosylation for these results. Surveying the 
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Table 2 

The molecular masses of the tested glycoproteins before and after treatment to remove the glycan groups across the respective techniques. Glyc – Glycosylated, deglyc –

Deglycosylated, r-Mr – reference molecular mass. Reproduced from ref. [92] with permission. 

Mr (kDa) 

CE-SDS CE-SDS PLUS SDS-PAGE Wes Labchip® r-Mr (kDa) 

Ovalbumin glyc 43 44 45 45 46 44.3 

deglyc 33 35 42 39 41 42.7 

α-2- 

macroglobulin 

glyc 245 241 144 132 221 179 

deglyc 165 164 136 111 180 163.3 

Matuzumab 

light chain 

glyc 25 26 27 31 27 23.63 

deglyc 23 26 27 30 27 

Matuzumab 

heavy chain 

glyc 63 67 57 56 68 49.66 

deglyc 53 57 53 51 61 

CD74 glyc 81 82 34 48 63 

deglyc 34 35 23 31 32 19.3 

EPO glyc 97 101 40 56 74 

deglyc 21 18 20 27 17 21 

SynCAM1 glyc 343 345 74 123 194 

deglyc 62 59 50 54 65 38.4 

N -Cadherin glyc 262 253 117 

101 

121 195 

deglyc 134 

108 

127 

103 

108 

94 

99 

82 

164 

143 

89.2 

Table 3 

Properties of the glycoproteins that could potentially explain the differences in migration seen in the glycosylation/deglycosylation experiments. 

Reproduced from ref. [92] with permission. 

pI GRAVY Content Proline [%] Neg. charges [%] Pos. charges [%] N -glycan sites O-glycan sites 

Ovalbumin 5.19 -0.001 3.6 12.2 9.1 1 0 

α-2-macroglobulin 6.03 -0.195 5.3 10.7 9.2 8 0 

Matuzumab light chain 6.34 -0.417 4.7 9.0 8.5 N/A N/A 

Matuzumab heavy chain 8.34 -0.552 7.6 9.4 10.3 N/A N/A 

CD74 6.65 -0.654 11.8 11.2 10.7 2 1 

EPO 8.30 0.027 5.7 9.8 10.9 3 1 

SynCAM1 5.14 -0.430 6.1 12.8 8.2 6 0 

N -Cadherin 5.16 -0.405 9.0 11.8 8.4 8 0 
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igration of glycosylated analytes, SynCAM1 and N -Cadherin were 

ound to have the biggest molecular mass difference between SDS- 

AGE and the two CE-SDS techniques. One possible reason that has 

een put forward in Sections 3.1 and 3.2 is the interaction with 

he separation gel (47, 62). Given that SynCAM1 and N -Cadherin 

unction in cell adhesion using carbohydrate-carbohydrate inter- 

ctions [93] , the significantly greater molecular mass on CE-SDS 

hat normally uses dextran as the polymer is expected. On a sim- 

lar note, N-glycan sites were also found to affect migration, with 

he three proteins containing the most N-glycan sites having the 

ighest M r on the CE-SDS techniques ( Tables 2 and 3 ). Finally, the

ffect of sialyation was investigated. In the previous study Wang 

t al. [91] concluded that sialyation and charge on the proteins do 

ot influence migration, but Scheller et al. are not as convinced. 

he latter observed that proteins that are expected to lower sialic 

cid content such as SynCAM1 and N -Cadherin have the highest 

eportable M r ( > 200 kDa) on CE-SDS and CE-SDS PLUS. However, 

he M r for these proteins are much higher than those reported by 

he three other techniques, so it is difficult to attribute this strictly 

o sialyation. Given that Wang et al. only investigated the effect of 

ialic acid residues for a single protein and this study makes obser- 

ations without conducting experiments to remove sialic acid and 

bserve migration, more work is needed to probe this relationship. 

Interestingly, following deglycosylation there was a split be- 

ween the reported molecular mass of the proteins and the the- 

retical mass, with some migrating at a time corresponding to a 

igher M r than expected while others being around the same or 

ower. The authors examined properties that could explain these 

esults, summarized in Table 3 . The first is the hydrophobicity 

f the protein, indicated by the grand average of hydropathicity 
12 
GRAVY) score. In brief, a higher score, like those seen for α-2- 

acroglobulin, EPO, and ovalbumin correlate to a more hydropho- 

ic protein, and potentially better SDS binding, leading to the sim- 

lar or lower molecular mass seen with CE-SDS and CE-SDS PLUS 

elative to the reference molecular mass. The above three men- 

ioned proteins are also made up of less proline, which can influ- 

nce migration through the gel. The authors explain that proline is 

 heterocyclic amino acid which affects the protein being straight- 

ned out during denaturation due to kinks formed in the structure, 

eading to a greater Stokes radius and subsequently, a lower μ. The 

uthors also use previous work to highlight the effect of pI and 

harge on migration [ 94 , 95 ], yet no such trend can be seen from

he data presented in this study. Furthermore, as this comparison 

s of deglycosylated proteins, interaction between the polymer in 

he matrix and the carbohydrate groups should be non-existent, 

ue to the removal of the aforementioned groups. However, the 

olecular masses still vary among the techniques used, suggesting 

hat either the matrix or differences in sample preparation still in- 

uence the separation. The authors do not point this out, but they 

o note that making comparisons based on the separation matrix 

s not possible due to the proprietary nature of these gels. 

The importance of this study is in providing researchers with an 

nderstanding of how the properties of glycoproteins dictate their 

eparation on CE-SDS and related techniques. The effects of analyte 

ydrophobicity, N-glycans, separation matrix, and proline content 

ere all found to influence the migration and subsequently the re- 

ortable molecular mass. Other traits like sialyation can also affect 

igration through the gel. It is not sufficient to look at these char- 

cteristics separately, as the interplay between all these properties 

nfluence separation and thus, researchers will have to choose the 
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Fig. 6. Four steps to develop optimal CE-SDS methods for analysis of proteins in vaccine products and possibly other proteins. Reproduced from ref. [53] with permission. 
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est technique based on their analytes and needs. As noted by both 

cheller et al. and Wang et al., more work is needed to understand 

he properties that influence migration of glycoproteins. 

ethod development 

In this review, we have seen advancements in many different 

reas of CE-SDS. What we need is to tie all this information to- 

ether in a way that those in the field have a framework to design

heir experiments. This was done by Geurink et al. [53] , where a 

our-step approach to design CE-SDS methodology for the analy- 

is of proteins in viral vaccines was proposed ( Fig. 6 ). Briefly, the

rst step is to use the conditions suggested as part of the com- 

ercially sold kits. If there is need for optimization, steps two and 

hree focus on the optimization of the sample preparation and sep- 

ration conditions respectively. The authors identified incubation 

ime, incubation temperature, and concentration of the reagents as 

he critical method parameters (CMPs) for step two and the di- 

ution of the separation gel, the effective length of the capillary, 

nd the temperature of the capillary system as the CMPs for step 

hree. The final step is validating the conditions chosen in the prior 

teps. Using the proposed framework, the authors were able to de- 

ign, validate, and successfully implement improved and differing 

ethods for both qualitative and quantitative analysis of viral pro- 

eins used in vaccines. The authors report a LOD of 10 μg/mL of 

heir inactivated polio vaccine in one of their studies and a limit 

f quantification (LOQ) of 0.50 mg/mL for mini-haemagglutinin in 

 separate study, though they note that the LOQ can be reduced 

urther. All experiments were done using UV detection at 214 nm 

nd hydrodynamic injection at 100mbar, based on previous work 

72] . 

This study describes a straightforward workflow that users can 

pply to vaccine and possibly other protein samples as well. The 

accine focus stems from current and historical outbreaks of coro- 

avirus (COVID-19), Ebola virus, and Zika virus. Establishing a 

ethod to optimize CE-SDS can streamline the development of 

accines. It will also increase the efficiency of other lines of work 

hat use this technique. However, improvements can still be made, 

s noted by the authors themselves. In this study UV detection at 

14 nm was used, but fluorescent detection of tagged proteins can 

lso be investigated. Furthermore, this work is based on the com- 

ercially available separation gel sold by Sciex, but we have seen 

he potential of other gel formulations for CE-SDS separations. Ad- 

ittedly, using a custom gel formulation would increase the over- 

ll time to define, transfer, and validate a method and might not 

e feasible for analysis of samples on shorter timelines, such as 

he yearly influenza vaccine. On the other hand, it might be use- 

ul for the analysis of certain proteins. The four steps proposed in 

his article are a good starting point and future work may add to 
13 
his framework by adding steps for gel formulations, injection con- 

itions, sample stacking, and the type of detector used. 

pplications of CE-SDS 

In the biotech and pharmaceutical industry, CE-SDS is mainly 

sed for biotherapeutic testing for product release, sample charac- 

erization, and stability testing [ 17 , 96 , 97 ]. Examples of these qual-

ty control tests included identity verification, assessing purity by 

creening for degradation products or aggregates, and determin- 

ng post-translation modifications such as glycosylation, such as in 

he case of separating the non-glycosylated and glycosylated heavy 

hains for mAbs [ 96 , 97 ]. Furthermore, more than 96% of the bio-

ogic license applications received by the Food and Drug Agency in 

016-2017 used at least one CE method for product characteriza- 

ion [17] , highlighting the usefulness of CE-SDS and related tech- 

iques in this field. Additionally, publications reviewed in this ar- 

icle have demonstrated the use of CE-SDS for the separation of 

iral and vaccine proteins such as for influenza [72] and AAV [74] , 

s well as recombinant fusion proteins [80] . However, drug devel- 

pment is a continuous process and innovative products are con- 

tantly created. Some of these are termed as next-generation prod- 

cts and include a variety of types of antibodies, such as those that 

re glycoengineered, multi-specific, or have a lower M r than your 

tandard antibody [98] . The analytical methods used to support 

he characterization and testing of these compounds must also be 

ble to keep up and be applicable to these complex therapeutics. 

ortunately, recent work finds that the application of CE-SDS can 

o further than standard biotherapeutics. A study from Filep et al. 

emonstrates the use of CE-SDS to analyze complex modalities of 

ntibodies such as glycoengineered and bispecific mAbs [99] . In 

his study, the authors were able to use CE-SDS to analyze both the 

ndividual subunits as well as the whole antibodies. While a stan- 

ard CE-SDS method was able to separate the subunits of the gly- 

oengineered mAb, the bispecific compound required a previously 

stablished temperature gradient during denaturation [100] as well 

s a longer capillary (increased effective length) to successfully 

eparate the two different light chains from each other. This is an 

mportant finding as we have seen the need to be able to suc- 

essfully separate different heavy chains in this review, but light 

hains pose a bigger challenge as they are smaller and migrate 

aster through the gel. Being able to baseline resolve two smaller 

nd closely related peaks is of paramount importance. This work 

epresents an encouraging step forward for separation of complex 

herapeutic compounds. 

Another unique application of CE-SDS is its ability to study 

rotein-protein interactions (PPIs). While these investigations have 

een carried out previously through affinity probe capillary elec- 

rophoresis (APCE), this technique suffers from limitations such as 
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nteractions between the analytes and capillary wall and the need 

o maintain the linkage between proteins during migration, both 

f which are difficult to resolve under a single set of experimen- 

al conditions. A 2016 study by Ouimet et al. [101] demonstrated 

hat CE-SDS can be used to investigate the PPIs by crosslinking 

he analytes of interest preceding injection into the capillary, re- 

erred to as protein crosslinking CE, or PXCE. The agent used to 

chieve the crosslinking was formaldehyde due to its versatility in 

inding multiple amino acids [102] . Ten minutes of formaldehyde 

reatment was shown to be successful to achieve crosslinking of 

ultiple analytes including heat shock proteins and an antigen- 

ntibody pair. Quantification is also possible with PXCE, with the 

uthors successfully being able to calculate the dissociation and in- 

ibitory constants. Follow up work from the same group was able 

o show an increase in the throughput of PXCE [103] . Switching 

he crosslinker from formaldehyde to glutaraldehyde reduced the 

rosslinker treatment time from 10 minutes to 10 seconds. Further- 

ore, the separation stage was also improved by using a capillary 

ith a smaller internal diameter as well as a separation matrix 

ith a lower viscosity, enabling the application of a stronger elec- 

ric field during separation. By employing an overlapping multiple 

njection strategy, the analysis time for each sample was shown to 

e only a minute. Together these studies provide an improved ap- 

roach to studying PPIs in a capillary relative to APCE, making the 

nvestigation of complexes of multiple analytes and examination of 

ompounds with dissociation constants as low as a few nanomo- 

ar possible. Most importantly, this line of work has the potential 

o be used in drug discovery for target screening and candidate se- 

ection, which can lower the time for drugs to be taken from bench 

o bedside. 

icrochip CGE 

In Sections 3.1 through 3.7 we have critically analyzed CE-SDS 

n its most traditional and commonly used format. Nevertheless, 

he technique can still be improved. The use of microfluidic sys- 

ems and microchips provide improvements over CE-SDS [ 104 , 105 ] 

kin those seen when comparing the traditional technique to SDS- 

AGE, such as being higher throughput, reduction in sample and 

eagent requirements, and even lower analysis times. Earlier stud- 

es have also demonstrated that the sensitivity and purity analy- 

is using microchip CGE (M-CGE) is comparable to CE-SDS [106] . 

owever, while the use of M-CGE is not new, limited studies have 

een published on this line of work. In this section we will take a 

eeper look into promising work that demonstrates the potential 

f M-CGE as a protein separation technique. 

Older studies had demonstrated the injection of droplets total- 

ng only a few nanoliters in volume separated by an immiscible 

egment referred to as the carrier phase [ 107 , 108 ]. In these studies,

he separation matrix was an aqueous solution as the EOF was re- 

uired for sample injection, which is not feasible with gels due to 

OF suppression. A first of its kind study demonstrating the use of 

icrofluidics with CGE was published in 2013 that revealed a sep- 

ration speed of just under a minute per injection [109] . A 2019 

tudy by Ouimet et al. describes an even higher throughput M- 

GE method that utilizes a novel approach for introducing sample 

roplets that are separated from each other by a less dense car- 

ier or segmenting phase [110] . An illustration of this microchip 

evice is provided in Fig. 7 . As seen in the figure, droplets of about

 nL were separated from each other in silicone oil (the segment- 

ng phase) as it has a low density of just 0.93 g/mL. When injected 

nto the capillary, the sample train is transported to a section un- 

er the oil draining reservoir which contains the BGE, which is 

 non-crosslinked gel utilizing dextran (3.5%, 1,50 0-2,80 0 kDa) as 

he polymer along with Tris (90 mM), borate (100 mm), SDS (13.8 

M), and EDTA (1mM). As the silicone oil has a lower density, 
14 
t rises upwards and is removed from the sample train, leaving 

ust the analyte in the sample droplet behind and preventing the 

il from being injected into the separation channel. A high volt- 

ge is constantly applied in the reservoir to ensure that the sam- 

le droplets are directed towards the separation channel and do 

ot enter the reservoir. The authors note that it is not possible to 

ompletely prevent the droplet from being diluted with the BGE 

s it crosses into the separation channel, as noted by the vary- 

ng peak heights observed in the electropherograms. To verify the 

pplicability of this method, the authors then tested their device 

or assaying PPIs, specifically building on previous work using heat 

hock proteins and their chaperones that was described in Section 

.7 [ 101 , 103 ]. A maximum of more than 600 injections and sepa-

ations were possible from just 175 droplets before the microchip 

equired reconditioning. The calculated time of analysis for each 

ample was just 10 seconds, a sixth of what was possible with 

CXE [103] . Furthermore, the authors were able to successfully use 

his M-CGE method to test for inhibitory molecules as well as ap- 

ly their device to non-gel CE, but a thorough discussion of this 

ection of the study is out of scope of this review. 

The device constructed in this study provides the highest 

hroughput of any method seen in this review and was success- 

ully used to study PPIs. Moreover, once set up the device is easy 

o use with hundreds of injections possible without needing to re- 

ondition the instrument. Yet, challenges and limitations still exist, 

s noted by the authors themselves. The first is the lower sensi- 

ivity of this method, an understandable result given the smaller 

cale of analysis. Thus, users might face difficulty working with di- 

ute samples. On a similar note, samples that have a higher salt 

ontent would also have adverse effects such as an increase in 

oule heating. Finally, the issue seen due to dilution and subse- 

uent variation in the peak heights provides a challenge to us- 

ng this method quantitatively. Suggestions put forward to remedy 

hese issues such as altering the volume of the sample droplets or 

he volume of the segmenting phase between the droplets can be 

ounterintuitive as it would theoretically reduce the throughput of 

he technique. Given the recency and novelty of this method, such 

hallenges are expected and will no doubt be improved upon in 

he future. 

While the central theme was not M-CGE, an analogous study 

emonstrated the use of a microfluidic system for Western Blotting 

hat allowed for blotting and immunodetection to be completed in 

ess than 90 minutes [111] . In this study, the analytes were sep- 

rated using M-CGE and directly deposited on the membrane as 

hey exited the microchip, allowing for separation as well as ana- 

yte transfer to be completed in mere minutes [ 112 , 113 ]. The im-

unoassay detection was done using a flow method using a sy- 

inge to decrease the area the antibodies diffused into, making it 

asier to bind the proteins of interest and lowering detection time 

o just an hour. In addition to the lowered analysis time, this tech- 

ique also reduced the amount of sample and antibody required 

ignificantly. While the focus of this study was not M-CGE, this 

ork further demonstrates the potential of microfluidic and mi- 

rochip systems for the separation and analysis of proteins. 

Investigations using current instruments have also been con- 

ucted in a bid to establish M-CGE as a technique that can find 

outine use in a current good manufacturing practice (cGMP) en- 

ironment, such as for stability and release tests as noted in Sec- 

ion 3.7. A 2017 study utilizing the HT Protein Express chip with 

he LabChip GXII system sold by PerkinElmer aimed to establish 

 M-CGE technique that could be used as a tool in both R&D 

nd cGMP environments [114] . In this work, the sample prepara- 

ion method was evaluated for two mAbs under both reducing and 

on-reducing conditions to identify CMPs during this step. The pa- 

ameters evaluated were the denaturation time, denaturation tem- 

erature, volume of the appropriate sample buffer, the protein con- 
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Fig. 7. Cross-sectional illustration of the oil drain microchip based on density differences between the higher density sample droplets (purple) and lower density segmenting 

phase composed of silicone oil (yellow). Modified from ref. [110] with permission. 
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entration, and the concentration of the reducing agent, which in 

his case was dithiothreitol (DTT). The authors identified that other 

han the concentration of DTT, changing the other parameters had 

ignificant impact on the purity of at least one of the mAbs un- 

er either, or both, of the reducing and non-reducing conditions. 

n addition to this, the amount of dye used was also found to be a

MP as it was seen to influence the baseline of the electrophero- 

rams. Using these findings, the authors were able to establish a 

orking range for each of these CMPs during preparation of the 

Ab sample and validate their approach though experiments test- 

ng the accuracy, linearity, repeatability, reproducibility, and speci- 

city. Additional considerations include testing samples no later 

han two hours after the sample preparation step as the purity 

esults can be affected if the sample is allowed to sit for longer, 

resumably due to evaporative or degradative effects. Finally, the 

stablished method was successfully carried out for the testing of 

 further twelve mAbs, bringing the total number of therapeutics 

o be tested by this approach to fourteen. This work highlights that 

-CGE can be used for the evaluation of commercial therapeutics, 

lbeit only different mAbs, which are expected to yield fairly sim- 

lar results, were tested in this work. It would be interesting to 

ee if a similar method development approach can be taken for 

arious non-mAb proteins, as this would greatly increase the like- 

ihood of using M-CGE along with or instead of CE-SDS for test- 

ng purposes. Furthermore, qualitative data comparing this M-CGE 

ethod to currently used CE-SDS techniques is also required in or- 

er to truly assess the potential of this technique as a suitable, and 

mproved, replacement. 

Overall, the articles reviewed in this section demonstrate the 

otential of M-CGE as a powerful tool for both discovery research 

o find suitable drug molecules and targets as well as final testing 

f commercial products under cGMP guidance. Additional insight is 

eeded before the routine implementation of these systems, with 

E-SDS being a suitable technique for the time being. 

oncluding remarks and future direction 

CE-SDS is a robust technique for the separation of proteins and 

rovides many advantages over traditional techniques such as SDS- 

AGE as evidenced by the shorter analysis time, ease of automa- 

ion, and higher throughput. These traits translate well into the 
15 
iopharmaceutical field, and CE-SDS is routinely used for the char- 

cterization and release testing of drug products. The articles un- 

er the scope of this review cover advancements made in all facets 

f CE-SDS for protein analysis, including the sieving matrix, sample 

tacking, the novel use of longer chain detergents, fluorescent pro- 

ein tagging, improved characterization of therapeutics relative to 

DS-PAGE, method development, and the microchip CGE mode. It 

as most encouraging to see the progress made on increasing our 

nderstanding of the intricacies of the sieving matrix as the propri- 

tary formulation of the commercial gels has proven to be a barrier 

or characterizing and improving these gels. However, there is still 

ore work to be done by focusing on hyphenated techniques like 

E-SDS with MS, which haven’t received much attention, likely due 

o the complications caused by SDS through suppression of ioniza- 

ion and the signal [ 115 , 116 ]. Finally, given that CE-SDS is known

o already have a superior resolution when compared to SDS-PAGE 

nd that the biggest issue is the relatively low concentration sen- 

itivity in the UV detection mode, we believe that improving the 

ensitivity of these gels should be the main area of focus mov- 

ng forward. The use of fluorescent tags and sample stacking are 

romising avenues, but both face challenges that need additional 

ork to overcome. For the former, the development of a quick and 

fficient universal protein tagging methodology is required while 

ample stacking is harder to achieve when using a viscous gel as 

he BGE, relative to gel free CE. It is our belief that the ground- 

ork laid by the reviewed articles can be taken further to develop 

 method that yields improved separation relative to commercially 

vailable kits. 
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