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Abstract 

Capillary Electrophoresis Analysis of Proteins using Novel  

Phospholipid Based Materials 

Cassandra Crihfield 

Capillary electrophoresis has many advantages that make it a powerful technique for the 
analysis of proteins, which is challenging due to the natural heterogeneity of proteins.   
The small sample volume required for each analysis (nano- and pico-liter), fast separation 
times (<30 min), and ability to couple the separation to mass spectrometry are all factors 
that make capillary electrophoresis an ideal technology for protein separations. Capillary 
zone electrophoresis and capillary gel electrophoresis are the two most commonly 
employed modes for protein analysis and allow for rapid, high resolution separations that 
can be automated.  This makes capillary electrophoresis ideal for meeting the needs of 
protein analyses in the biopharmaceutical and clinical fields.  Still, methods are continually 
improving in order to address the challenges of analyzing these samples with capillary 
electrophoresis, such as adsorption to the capillary wall, heterogeneity due to multiple 
isoforms, and maintaining native structure through analysis.  The work presented utilized 
a coating and/or sieving matrix composed of the phospholipids 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine 
(DHPC) to confront these needs.  The phospholipids lead to reduced adsorption and 
enhanced resolution that can be tuned with temperature.  Furthermore, the phospholipids 
have been shown to support and enhance protein function and lifetime in-capillary, which 
makes the material promising for native analyses of proteins in the future. 

The phospholipids were the basis of a hybrid coating using cetyltrimethylammonium 
bromide (CTAB) that enabled simultaneous separation of acidic and basic proteins.   The 
semi-permanent coating cost less than $0.10 to apply to a traditional silica capillary, and 
unlike previously published work, the ability to analyze both basic and acidic proteins 
using the phospholipid-cetyltrimethylammonium bromide (CTAB coating) without 
requiring the use of low pH buffers that lead to denaturing proteins.  The phospholipid 
coating reduced protein adsorption compared to bare fused silica; however, it also 
suppressed and reversed the electroosmotic flow.  This led to acidic proteins being 
analyzed in one polarity while basic proteins were analyzed in another polarity.  
Incorporating the cetyltrimethylammonium bromide (CTAB) into the phospholipid coat 
generated sufficient electroosmotic flow for simultaneous analysis of both acidic and basic 
proteins.  The coating was stable through extensive flushing and exhibited no protein 
adsorption through six consecutive analyses with no flushing in between.  The coating 
was applied to the analysis of abundant proteins in human serum and the accurate 
quantification further demonstrates the lack of interaction between the surface and the 
proteins. 

For the first time, the phospholipid nanogel was utilized to add a size-based component 
to separation mechanism of proteins.  The phospholipid nanogel cost $0.14 per 5 µL, 

which is less than commercial matrices currently available, and when used in-capillary as 
described in this paper, the matrix utilized for one sample is only $0.04.  Furthermore, the 
thermally-responsive viscosity of the nanogel makes it a more user-friendly material than 



 
 

traditional gels since it can be inserted into the capillary similarly to buffers at 
temperatures below 24°C without the requirement of high pressures or chemical 
measures for cross-linking in-capillary that can lead to non-uniform matrices.  The 
temperature is then raised to create a gel-like matrix for the separation.  As demonstrated 
in prior work with DNA, the concentration of the nanogel can be utilized to tune the 
resolution to the size range of the analytes of interest, so the concentration used is 
determined by the mass range relevant to the analyte.  Because the application of this 
material for the separation of proteins is novel, the separation mechanism is investigated 
with focus being placed on the impact of phospholipid concentration.  A size-based 
component is superimposed on the preexisting charge-to-size ratio mechanism using the 
phospholipid.  This leads to enhanced the resolution of proteins in human serum and 
allows for the accurate quantification of the proteins using external standards.
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Chapter 1: Introduction to capillary electrophoresis separations of proteins 

Specific Aims: 

1. Develop a semi-permanent coating for capillary electrophoresis 

separations of proteins. 

a. Simultaneous separation of acidic and basic proteins 

b. Easy, self assembling modification process 

c. Low cost ($0.05 per coat) 

d. Reduce protein adsorption 

e. Generate EOF across pH values 

f. Accurate analysis of human serum proteins with standard 

addition 

2. Capillary gel electrophoresis protein separations using 

phospholipid nanogels 

a. Size-based separations of proteins using phospholipid nanogels 

b. Thermally-dependent viscosity for easy introduction in-capillary 

c. Low cost ($0.14 per 5 µL; $0.04 per analysis) 

d. Determination of the transition of the separation into a sieving 

mechanism 

e. Accurate quantification of human serum proteins with external 

calibration 
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1.1. Executive Summary 

The research described in this dissertation was centered on the development of new 

analytical techniques for analyzing proteins using two commonly employed modes of 

capillary electrophoresis: capillary zone electrophoresis and capillary gel electrophoresis.  

The fundamentals of these two modes of capillary electrophoresis, as well as current 

materials used for these modes are described in chapter one.  The first aim of the 

research, which is discussed fully in chapter 2, was to address the need for a coating that 

reduces protein adsorption to the capillary surface while still allowing simultaneous 

detection of basic (cationic at pH 7) and acidic (anionic at pH 7) proteins. The second aim 

of the research, detailed in chapter 3, was to present a new, cost-effective material for 

protein sieving that addresses many of the limitations of currently employed matrix 

materials, such as requirements of high pressure systems for introduction, non-uniform 

pore sizes, and limited useful lifetime. 

 

Aim 1 created a coating through the interaction of the phospholipid with the surfactant 

cetyltrimethylammonium bromide (CTAB) to enable low protein adsorption while still 

maintaining electroosmotic flow.  The main benefits are low adsorption, stable 

electroosmotic flow regardless of pH, ease of application, and cost effectiveness.  The 

phospholipid-CTAB coating improved peak asymmetry and decreased interactions of the 

proteins, especially cations, with the surface when compared to traditional bare-fused 

silica surfaces.  Lack of protein adsorption was further demonstrated through consistent 

migration times (<1%RSD) when proteins were analyzed without flushing between 

analyses.  The electroosmotic flow was stable regardless of harsh flushing (2 hours) using 

a buffer void of the modification reagent and was stable across a range of pH values.  The 

application of this coating is user-friendly as it does not require covalent chemistry and 

instead harnesses the self-assembly of the phospholipid on the capillary surface followed 

by the hydrophobic interaction between the surfactant and the phospholipid.  Additionally, 

the materials are inexpensive and cost less than $0.10 to apply to a silica capillary.  The 

coating was utilized for the analysis of proteins in a human serum sample and allowed for 

accurate quantification of abundant proteins using standard addition. 
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Aim 2 presents phospholipid nanogels as a material for separating proteins in-capillary 

based on size.  As a sieving matrix, this material poses advantages such as thermally-

responsive viscosity and low cost.  Traditional gels require the use of high pressure 

systems for the introduction and removal from capillaries, and while some gels can be 

introduced at lower pressures, these matrices often require chemistry in-capillary that can 

lead to pores that are either difficult to reproduce or non-uniform.  The thermally-

responsive viscosity enables phospholipid nanogel to be easily introduced and removed 

from the capillary at the same pressures as aqueous buffers at 19°C, while self-

assembling to form an ideal sieving matrix at 27°C.  Furthermore, the material is cost-

effective, requiring only $0.04 worth of material per run.  Aim 2 research assesses the 

qualities of the phospholipid nanogel by first demonstrating the transition of the separation 

from strictly charge-to-size ratio to size-based in relation to the concentration of the 

nanogel. The enhanced resolution resulting from the nanogel sieving is harnessed to 

quantify proteins in human serum using external calibration curves. 

 

1.2. Introduction 

Protein analysis is paramount to medical diagnostics, pharmaceutical fields, and 

fundamental research.  Proteins are involved in many physiological functions in the body 

including nutrient transport, enzymatic catalysis, immune response, etc.  Therefore when 

disease sets in, protein function [1], structure [2,3], and concentration [4, 5] may be altered 

either as a cause or a result of the disease.  This has led to several proteins becoming 

biomarkers approved by the food and drug administration for use in the clinics, such as 

fibrinogen, albumin, and β-2-microglobulin [6], and many more remain under investigation 

[7, 8].  The biopharmaceutical industry, which contributed $1.3 trillion to the United States 

economic output in 2015 [9], is heavily dependent on the analysis of proteins to ensure 

products are pure and have the same efficacy lot-to-lot.  Proteins essential to the 

biopharmaceutical industry include but are not limited to antibodies and fusion proteins 

and have been utilized in applications such as cancer therapies [10, 11] and vaccines 

[12].  As these fields develop, more biomarkers are discovered, and essential drugs 
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become more complex, analytical methods capable of rapid, accurate analysis easily 

tailored to the proteins of interest become more critical. 

 

Capillary electrophoresis is a powerful tool for protein analysis.  Table 1-1 summarizes 

the attributes of some of the most frequently employed techniques for protein separations, 

including capillary electrophoresis (CE), polyacrylamide gel electrophoresis (PAGE), 

reverse phase liquid chromatography (RPLC), size exclusion chromatography (SEC), and 

ion exchange mobility.  As indicated by the table, capillary electrophoresis utilizes minimal 

amount of sample per analysis while still allowing for coupling to mass spectrometry, 

maintaining protein structure, and separating positive and negative species 

simultaneously.  In addition to these qualities, capillary electrophoresis also boasts high 

resolution, automation capability, and the potential to run multiple capillaries at the same 

time.  Capillary electrophoresis methods are predominantly capillary zone electrophoresis 

(only aqueous running buffer in the capillary) or capillary gel electrophoresis, which 

incorporates a gel for separations.  Capillary gel electrophoresis improves on the gel 

electrophoresis separations traditionally performed in slab gels [13] and slab gel 

electrophoresis demands more sample when compared to similar techniques using 

capillary electrophoresis.  Furthermore, capillary electrophoresis separations can achieve 

higher resolution than traditional gel electrophoresis because the small inner diameter of 

the capillary enables higher voltages to be utilized without joule heating that diminishes 

resolution [18].  This enhanced resolution has been harnessed for the analysis of peptides 

and proteins since the late 1980s [13] and has seen widespread adaptation, especially in 

the pharmaceutical field [19-24]. 

 

1.2. Capillary Zone Electrophoresis  

1.2.1. Fundamentals.  Capillary zone electrophoresis is the most fundamental form of the 

technique.  The separation is based on the charge-to-size ratio of the analytes.  The 

apparent mobility (µapp) of the analytes is impacted by the electroosmotic flow (EOF) and 

electrophoretic mobility (µeph).  A diagram depicting the magnitude of these forces and 

the migration order is shown in Figure 1-1. 
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Table 1-1. Attributes of techniques commonly used for protein separations 

Technique Sample size 

per run 

Online coupling 

to MS 

Native analysis 

possible 

Simultaneous 

separation of 

basic and 

acidic 

proteins 

CE 1.4 ng  

(0.5 nL)a 

Y Y Y 

PAGEb 5 µg  

(40 µL) 

N Yc Yc 

RPLCd 1-10 µg  

(10 µL) 

Y N Y 

SECd 1-10 µg  

(10 µL) 

Y Y Y 

Ion Exchanged 1-10 µg  

(10 µL) 

Ne Y N 

a. Sample size is based on conditions used for injections of alpha-1-antitrypsin in chapter 
2, which were 3.4 kPa (0.5 psi) for 5 s of a 50 µM sample using UV-Vis detection at 200 
nm. 

b. Based on vendor specifications [14] 
c. Native analysis is possible when non-denaturing conditions and no SDS are utilized. 
d. Based on vendor specifications [15]  
e. Traditional techniques are not mass spectrometry friendly due to high salts and 
denaturants; however, some techniques to circumvent this have been developed and 
applied to therapeutic proteins [16, 17]. 
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Figure 1-1. Depiction of analyte migration in a capillary electrophoresis separation 

utilizing unmodified bare fused silica at pH values above 4.  The negative charges are 

those associated with the wall.  The magnitude and direction of the mobilities are indicated 

by the vectors for electroosmotic flow (EOF), electrophoretic mobility (µeph), and apparent 

mobility (µapp). 
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Cathode Anode 



7 
 

The electroosmotic flow is the bulk flow of fluid through the capillary, which is based on 

the charge of the capillary wall.  In traditional capillary zone electrophoresis separations, 

the capillary is silica with a pKa of approximately 4.  Therefore, at pH values above 4 the 

capillary surface is negative.  Cations from the background electrolyte are attracted to the 

negative surface and line up on it, and anions are in turn attracted to the positive layer of 

charge.  When a voltage is applied across the capillary, the layer of cations migrates 

toward the cathode pulling the other layers with it.  This bulk flow results in a universal 

flow in the capillary regardless of the charge of the analytes.   

 

The electrophoretic mobility is based on the charge of the analytes.  Electrophoretic 

mobility can be calculated using the equation [25]  

 

µeph =  
𝑞

6𝜋ƞ𝑟
 

 

where q is the charge of the ion, ƞ is the viscosity of the buffer, and r is the radius of the 

ion. Cations migrate toward the cathode and anions migrate toward the anode.  Neutral 

analytes in the capillary have no movement based on electrophoretic mobility.  The size  

and charge density of the analyte also plays a role as radius is factored into the equation 

and larger ions will have greater frictional drag than smaller ions.  Therefore, small, highly 

charged analytes migrate faster than large, less charged analytes.  

 

As seen in Figure 1-1, the electroosmotic flow and the electrophoretic mobility make up 

the net migration of analytes, which ultimately leads to resolution by charge-to-size ratio.   

The electroosmotic flow typically has a larger magnitude than the electrophoretic mobility 

at pH values above 4.  This is especially true in the case of proteins where physiological 

pH values are usually investigated or utilized to maintain structure and function.  

Therefore, positive, neutral, and negative proteins can be analyzed simultaneously. The 

order of migration for a capillary zone electrophoresis separation using a bare fused silica 

capillary is cationic proteins first, followed by neutral proteins, and finally anionic proteins, 

as depicted in Figure 1-1.  
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While capillary zone electrophoresis possesses many advantages for the separation of 

proteins, protein adsorption remains an issue that often must be addressed in order to 

achieve the highest performance.  The traditional silica wall possesses a high density of 

negative charges, which results in the attraction of the positive amine groups in proteins 

to the wall.  This has been documented in the literature [26-28], especially in the case of 

lysozyme which is a very basic protein and adheres to the capillary surface making it 

problematic to detect.  The protein adsorption not only makes the analysis of basic 

proteins challenging but also deteriorates separation resolution and reproducibility.  With 

each analysis, the protein adsorbed on the wall increases and eventually impacts the 

charge on the wall of the capillary because the protein carries a charge opposite that of 

the surface.  This results in the electroosmotic flow gradually changing, which is evident 

by a shift over time in the apparent mobility of the analytes over time.  This poses a barrier 

for any technique where reproducibility is key to analysis, such as routine analyses for 

quality control in the pharmaceutical field [29].  As discussed in literature [30], the most 

frequently utilized methods of alleviating this barrier are extremely acidic pH values and 

coatings.  Acidic pH values are effective because they protonate the surface and remove 

the negative charge; however, this also removes the electroosmotic flow resulting in flow 

rates not compatible with mass spectrometry and the harsh pH means most proteins 

cannot be analyzed in the native state.  For these reasons, capillary coatings are a more 

practical solution. 

 

Protein adsorption is commonly circumvented by utilizing capillary coatings to mask or 

alter the charge on the surface.  The coatings are often used to make the surface neutral  

or cationic.  This impacts the migration of the analytes by altering the electroosmotic flow.  

For neutral coatings, electroosmotic flow is suppressed as shown in Figure 1-2, resulting 

in the apparent mobility being based on the electrophoretic mobility.  This results in 

separations that only allow for the analysis of positive or negative proteins depending on 

whether the separation voltage is positive or negative.  On the other hand, cationic 

coatings maintain electroosmotic flow but reverse the direction toward the anode rather  
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Figure 1-2. Depiction of analyte migration in a capillary electrophoresis separation 

utilizing a neutral coated capillary. The magnitude and direction of the mobilities are 

indicated by the vectors for electroosmotic flow (EOF), electrophoretic mobility (µeph), and 

apparent mobility (µapp). 
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than the cathode since the anions will now be the first layer of buffer ions to line up on 

the surface of the capillary.  This reverses the order of analyte migration compared to the 

negative surface, as shown in Figure 1-3. 

 

1.2.2. Capillary coatings for capillary zone electrophoresis.  Capillary coatings are usually 

categorized into three classes with each having a unique set of advantages and 

disadvantages that must be considered for compatibility with the application.  Permanent, 

semi-permanent, and dynamic modifications are the three major types of coatings [31, 

32].  Still, coatings developed to address basic protein adsorption to the capillary wall only 

analyzed basic proteins [27, 33-35] and did not demonstrate application to acidic proteins, 

let alone simultaneous separation. One exception used an acidic pH to make all the 

proteins cationic [36].  

 

1.2.3. Permanent coatings for capillary electrophoresis.  Permanent coatings are formed 

through covalent modifications of the capillary wall.  Covalent modification requires the 

use of silanol chemistry to form bonds to the surface [37]. A triethoxy coupling agent with 

the desired functional group undergoes hydrolysis and hydrogen bonding to form a 

network in solution prior to forming a polymerized coat on the surface [37].  Permanent 

coatings do not require the modification agent to be flushed through the capillary once 

modification is complete, which is important to the use of coatings with mass spectrometry 

[38,39] as reagents commonly used can suppress the ionization efficiency.   However, 

these processes are time consuming, require harsh chemicals, and cannot be restored 

to optimum once the surface is fouled, so the lifetime and number of times the capillary 

can be reused is limited.  Permanently modified capillaries are commercially available 

[15, 40] but are predominantly only manufactured in inner diameters of 50 µm and larger, 

which are more susceptible to joule heating than smaller diameter capillaries (like the 25 

µm inner diameter capillary used in these studies) and overall more expensive than 

purchasing a silica capillary and modifying it.  To demonstrate the difference in cost, a 

table with an abbreviated list of commercial capillaries for protein separations and the  
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Figure 1-3. Depiction of analyte migration in a capillary electrophoresis separation 

utilizing a cationic coated capillary. The positive charges are those associated with the 

wall.  The magnitude and direction of the mobilities are indicated by the vectors for 

electroosmotic flow (EOF), electrophoretic mobility (µeph), and apparent mobility (µapp). 
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cost is shown in Table 1-2.  It should be emphasized that while the commercially available 

capillaries lifetime is limited due to fouling or coat deterioration, the coating developed in 

this research can be regenerated, which greatly extends the capillary lifetime. 

 

1.2.4 Dynamic coatings for capillary electrophoresis.  Dynamic coatings have positive 

attributes, but due to the potential to interfere with detection were not the route chosen 

for this research.  Dynamic coatings are formed through weak to moderate adsorption of 

the modification agent to the surface.  The coating agent is typically flushed through the 

capillary to form the initial coat and then placed in the background electrolyte in order to 

maintain the equilibrium of agent at the surface and in solution.  Dynamic coatings are 

easily applied and regenerated during the analyses; however, the inclusion of the 

analyses; however, the inclusion of the modification agent in the background electrolyte 

can be problematic.  Modification reagents are typically not compatible with mass 

spectrometry due to the ability to suppress ionization [38] and must be chosen to limit 

interaction with the analyte that may diminish resolution.  

 

1.2.5. Semi-permanent coatings for capillary electrophoresis.  Semi-permanent coatings 

offer a compromise between permanent and dynamic coatings that makes this class of 

coatings more cost effective and practical for most protein applications; therefore, this 

class of coatings was utilized for the work in this dissertation.  Semi-permanent coatings 

are formed through physical adsorption due to electrostatic or hydrophobic forces or 

hydrogen bonding [44] similarly to dynamic coatings, but the interactions tend to be 

stronger which allows the modification reagent to be excluded from the background 

electrolyte.  These coatings are generally created by simply flushing the modification 

reagent through the capillary prior to analyses, which makes this technique easy to 

employ with reproducible results.  Furthermore, when the coating begins to deteriorate, 

the coat can be regenerated using small flushes of the modification reagent between 

analyses.   
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Table 1-2. Commercially available coated capillaries and the cost 

Capillary Vendor Inner diameter 

(µm) 

Cost/cm 

Bare-fuseda Molex 25 $0.13 

eCAP amine coatedb Sciex 50 $3.96 

Neutral coatedb Sciex 50 $5.69 

N-CHO Coatedb Sciex 50 $4.81 

PVAc Agilent 50 $5.39 

µSil Wax (polyethylene oxide)c Agilent 50 $2.37 

a.  Based on [41] 
b. Based on [42] 
c. Based on [43] 
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1.3. Capillary gel electrophoresis  

1.3.1 Fundamentals.  Capillary gel electrophoresis is one of the most frequently employed 

forms of capillary electrophoresis for the analysis of proteins [13, 19-22].  Because 

proteins were traditionally analyzed using slab gel electrophoresis, translating the 

technique to a capillary format that produces results similar to those achieved with the gel 

makes interpreting new data and comparing to data collected with the older format more 

straightforward.  As such, several commercial instruments have been manufactured 

specifically to meet the needs for capillary gel electrophoresis and more specialized 

versions of the technique [45].  While these instruments make capillary gel 

electrophoresis analysis more straightforward than method development on a more 

general capillary electrophoresis instrument, it also demands a commitment to the 

cartridges, capillaries, and reagents provided by the manufacturer, which comes at a 

higher price than unmodified capillaries and reagents available at a range various 

vendors. 

 

Capillary gel electrophoresis is generally utilized for proteins when a size-based 

component is desired for the separation.  The gel creates a matrix of pores in the capillary 

through which the proteins must navigate.  Proteins of smaller size will have less collisions 

with the matrix than proteins of larger size since the smaller sized proteins will fit through 

more pores than the larger sized proteins.  In many cases, sodium dodecyl sulfate (SDS), 

or other surfactants [19, 46, 47], is incorporated in the matrix as a way to normalize the 

charge on the proteins.  The hydrophobic portion of the surfactant interacts with 

hydrophobic patches on the protein and the charged head group of the surfactant 

presents itself to the surface.  This interaction generally leads to all the proteins 

possessing the same charge-to-size ratio, and with this normalization, the separation 

mechanism is based on size.  When the surfactant is left out of the matrix, the mechanism 

is based both of charge-to-size ratio and size. 

 

1.3.2. Capillary gel electrophoresis materials.  A wide range of materials have been 

investigated to implement size-based separations in capillary electrophoresis.  The most 

critical factors to judge the potential for a material to be used with capillary gel 
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electrophoresis are development of uniform pore size and low adsorption of the analyte 

to the material.  Uniform pore size impacts reproducibility and efficiency in capillary gel 

electrophoresis similarly to high performance liquid chromatography.  Irregular pore sizes 

leads to analytes having the option of multiple paths with varying lengths, which leads to 

eddy diffusion and therefore band broadening in accordance with the Van Deemter 

equation [48].  Other important considerations are compatibility with detection, 

robustness, and ease of use.  

Polymers such as polyacrylamide, linear polyacrylamide, and borate cross-linked dextran 

are the most common media employed for size-based separations.  Polyacrylamide [13], 

which is employed in many slab gel electrophoresis separations, is often polymerized in-

capillary to form a permanent matrix due to the high viscosity, which meant that bubble 

formation or clogging required a new capillary with the polymerization process performed 

again to continue analyses [49]. As a result, linear polyacrylamide was developed to 

possess a lower viscosity, which allowed it to be replaced between analyses [50].  This 

gel demands a coating to be used on the capillary first in order to control EOF and reduce 

adsorption. Alternatively, borate-crosslinked dextran is one of the most frequently used 

materials for capillary gel electrophoresis [21, 24, 51] due to the commercial availability 

and ease of use.  

Colloidal silica is a less traditional media that has been successfully implemented for size-

based separations in capillary electrophoresis.   The size of the colloidal silica can be 

altered in order to adapt the material to the size range of the proteins of interest.  This 

has been harnessed for the analysis of antibody aggregation [52], and protein complexes 

in the megadalton molecular weight range [53]. Colloidal silica has also been adaptable 

for microfluidic [54] formats.  

 

1.4. Prior use of phospholipids as separation materials 

Phospholipids are a smart material, meaning the morphology changes with separation 

conditions, that have already been harnessed to improve capillary electrophoresis 

separations in prior works.  While phospholipids of different varieties have been used as 
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a coating in many groups [55-61], the Holland lab has extensively demonstrated the 

advantages of the phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 

and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) as coating [62, 63], separation 

matrix [64-72], and microfluidic steering [73] materials.  The structure of each 

phospholipid is depicted in Figure 1-4.  A mixture of these phospholipids self-assemble 

to form bilayers and micelles depending on the temperature and compositions of the 

mixtures, which is what allows this material to be adaptable to so many applications. 

 

At a DMPC:DHPC ratio of q = 0.5, the phospholipids form bilayers which are fused 

together using calcium to form a coat on the capillary surface.  This coating has been 

applied to the separation of small molecule pharmaceuticals [62] and carbohydrates [62, 

63].  The phospholipid material was demonstrated to provide an inert surface capable of 

higher efficiencies and lower sample interaction with the wall than bare fused silica and a 

polyacrylamide coating [62]. Furthermore, the coating was shown to be compatible with 

capillary electrophoresis electrospray ionization mass spectrometry (CE-ESI-MS) 

operated in negative mode as suppression of ionization was not observed [63]. 

 

The phospholipids form an effective nanogel matrix for improving capillary electrophoresis 

separations at DMPC:DHPC ratios of q = 2.5 [64, 66-70].  Morphology, and therefore 

viscosity, of the phospholipid nanogel is dependent on temperature.  At temperatures 

below the transition temperature of 24°C, the phospholipid mixture has a water-like 

viscosity, while temperatures above the transition temperature can be utilized to form a 

gel-like viscosity [75]. This makes it possible to easily refresh the nanogel matrix at 19°C 

between analyses.  The phospholipid nanogel enables the separation of glycans that vary 

only by an isomeric linkage by exploiting the differences in frictional drag [64, 68].  The 

matrix is biocompatible and supports enzyme and lectin processing of glycan monomers 

and linkages [66, 68-70].  Additionally, the phospholipid nanogel extends the lifetime of 

enzyme preparations and improves the activity, especially at low concentrations [68].   
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Figure 1-4. Structure of the long and short chain phospholipids 1,2-dimyristoyl-sn-

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

(DHPC) (B) used for the formation of coating materials and nanogels.  Figure is adapted 

from the vendor website[74]. 
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As a result of the thermally responsive viscosity, the phospholipid nanogel serves as an 

excellent material for DNA sieving [71, 72].   Separations of a range of DNA sizes 

approximated the pore size of a particular composition of the nanogel at 31 nm, which 

allowed for DNA below 500 bp to be separated via Ogston sieving [71].  Temperature can 

be utilized to tailor the separation the size of DNA being analyzed.  Moreover, stacking 

zones were made possible by patterning a higher percent composition of the nanogel in 

the capillary prior to the separation zone in order to exploit the differences in viscosity 

[72].  

 

The demonstrated advantages make this phospholipid material an attractive basis for 

expanding on capillary electrophoresis of proteins.  The inert surface allows for reducing 

protein interaction with the wall; thereby reducing peak broadening.  The biocompatibility 

leaves the potential for native analyses of proteins, and the ability to tune the separation 

resolution in the nanogel makes it adaptable to specific applications.   Furthermore, the 

ease with which the coating is applied and the matrix is introduced into the capillary makes 

these techniques user friendly.  This was the basis for utilizing the phospholipid material 

in the research that follows. 

 

1.5.  Novel phospholipid-CTAB hybrid coating for protein separations 

The studies presented in chapter two [28, 76] developed a hybrid coating from the 

phospholipids DMPC and DHPC and the surfactant cetyltrimethylammonium bromide 

(CTAB) to allow for high efficiency separations of both acidic and basic proteins in a single 

run without significant protein adsorption.  The coating developed in this research requires 

no covalent modification, which makes it easy to reproducibly form and regenerate.  The 

coating is cost effective at $0.05 per coat.  Additionally, a stable electroosmotic flow can 

be generated across pH values, which makes it a potential material for coupling capillary 

electrophoresis to mass spectrometry in the future at both native and non-native 

conditions for protein analysis.  The electroosmotic flow is also important for allowing the 

simultaneous separation of basic and acidic proteins. 
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The limitations of bare fused silica separations are demonstrated.  While the phospholipid 

coating when used alone is capable of alleviating protein adsorption to the capillary wall, 

it does not allow for simultaneous detection of the cationic and anionic proteins due to the 

suppressed electroosmotic flow.   Incorporation of CTAB generates an electroosmotic 

flow toward the anode due to the positive charge it places on the capillary surface.  The 

hybrid phospholipid-CTAB surface enables high efficiency separations of cationic and 

anionic proteins simultaneously through the generation of an electroosmotic flow of 3.14 

× 10−4 cm2V-1s-1 (n = 10) from the cathode to the anode at a pH of 7. The coating is stable 

even after 2 hours of flushing with background electrolyte lacking CTAB and six 

consecutive protein injections with no flush sequence between runs. Three basic proteins, 

lysozyme, ribonuclease A, and α-chymotrypsinogen A, and three acidic proteins, α-1-

antitrypsin, transferrin, and enolase, served as models for evaluating the coating 

performance in terms of protein interaction, stability across pH values, and ability to 

resolve proteins of similar isoelectric points and with isoforms.  Finally, the coating is 

applied for the accurate quantification of proteins in human serum using standard 

addition. 

 

1.6. Phospholipid nanogel for sieving proteins 

The study in chapter three [77] utilized the phospholipid nanogel for the first time as a 

way to introduce a size-based mechanism to capillary electrophoresis separations of 

proteins.  Despite the advances to which current sieving materials have led, the high 

viscosity makes the materials less than ideal given that high pressures are required to 

introduce the viscous gels in capillary or permanent crosslinking the gel makes capillary 

lifetimes shorter.  Phospholipid nanogels composed of dimyristoyl-sn-glycero-2-

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

the advantage of a thermally-responsive viscosity for easy introduction at 19°C and the 

formation of a sieving matrix at 27°C.  This work circumvents performing cross-linking 

chemistry in the capillary, which sometimes results in the matrix misforming and 

becoming irregular due to bubble formation or gel shrinking.  Additionally, the nanogel 

can be introduced at the same pressures required for aqueous solutions, which makes 
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methods developed using the nanogel more easily adaptable to other systems than 

traditional gels since a high pressure system is not required.  This also extends the lifetime 

of the capillary since the nanogel is easily repatterned for a fresh matrix for each new run.  

Again, the phospholipid nanogel is an affordable matrix and costs only $0.04 per analysis.  

 

All of the above advantages made phospholipid nanogels a promising material for sieving 

proteins in the presented research.  The mechanism of protein separation in nanogel is 

shown to be a combination of charge-to-size ratio and size at higher percent phospholipid 

concentrations.  Using a Ferguson plot for the model proteins, the concentration of the 

phospholipid to shift the mechanism to sieving is determined.  The superior resolution 

achieved in the sieving separations compared to the non-sieving separations enables 

quantification of proteins in human serum using external standards.  Additionally, due to 

the size discrepancy between the proteins of interest and the immunoglobulin A which 

normally overlaps with the proteins, immunoglobulin A is shifted out of the separation. 
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Chapter 2: Semi-permanent cationic coating for protein separations 

Adapted from 

Crihfield, C. L.; Kristoff, C. J.; Veltri, L. M.; Penny, W. M.; Holland, L.A., Semi-

permanent Cationic coating for protein separations. Journal of Chromatography A 

2019, 1407. 

 

Crihfield, C. L.; Kristoff, C. J.; Veltri, L. M.; Wilson, C. A.; Penny, W. M.; Holland, 

L.A., Data for Semi-permanent cationic coating for protein separations. Data in 

Brief 2020, 29, 105123. 

 

Specific Aims: 

1. Develop a semi-permanent coating for capillary electrophoresis 

separations of proteins. 

a. Simultaneous separation of acidic and basic proteins 

b. Easy, self assembling modification process 

c. Low cost ($0.05 per coat) 

d. Reduce protein adsorption 

e. Generate EOF across pH values 

f. Accurate analysis of human serum proteins with standard 

addition 

 

 

This material is based upon work supported by the National Science Foundation Grant 

No. CHE1506984. CLC acknowledges a National Science Foundation IGERT 

fellowship, DGE #1144676. 

https://www.sciencedirect.com/science/article/pii/S2352340920300172?via%3Dihub#gs1
https://www.sciencedirect.com/science/article/pii/S2352340920300172?via%3Dihub#gs2
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2.1 Introduction 

Capillary electrophoresis is a versatile, cost-effective technique to study proteins for 

analyses, including purity assays  [1, 2] as well as structural  [3, 4], binding [5, 6], and 

stability [7, 8] studies.  Despite the adaptation of the method for protein analyses, the 

fused silica capillary surface suffers from protein adsorption, leading to poor separation 

and reproducibility [9] as a result of band broadening and changes in the capillary surface 

over time.  These issues associated with cationic protein adsorption are commonly 

circumvented by altering the charge on the capillary surface. 

 

Permanent, dynamic, and semi-permanent capillary coatings have been developed to 

reduce this protein adsorption [10-12].  Each method has the potential to achieve high 

efficiency separations of cationic proteins but lacks the ability to separate acidic and basic 

proteins simultaneously.  Capillary coatings reduce cationic protein adsorption by altering 

the charge on the surface to either be neutral [13, 14] or positive [15-18].  Permanent 

coatings are developed through physical or covalent modification of the capillary surface, 

which enables the separation to occur without the modification reagent in the background 

electrolyte [19-21].  Once the coating deteriorates, it cannot easily be restored with the 

same results.  The modification procedures are often complex and time consuming.  

Permanently coated capillaries are commercially available; however, the inner diameters 

are usually limited to 50 m or greater [22, 23], with few vendors selling smaller diameters 

[24].  Dynamic coatings offer a simple means to modify the capillary by flushing the 

reagent through the capillary, so the coating is easily regenerated [25-27].  However, 

dynamic coating reagents must be in the background electrolyte [14, 28], which can lead 

to interference with the separation or detection [29].  Semi-permanent coatings are similar 

to permanent coatings in that the modification reagent can be excluded from the 

background electrolyte; however, the modification procedure is simple and often only 

demands that the modification reagent be flushed through the capillary between analyses 

to maintain a stable coating [30, 31].  When cationic semi-permanent coatings are 

implemented, the goal is to overcome the adsorption of basic proteins observed on bare 

fused silica; therefore, only basic proteins are tested [6,15,16,20,30,32-39].  This 

challenge of semi-permanent coatings has been obviated by performing separate runs in 
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positive polarity for cationic or negative polarity for anionic proteins [14, 40, 41].  A critical 

comparison of efficiencies is summarized in Table 2-1.  

 

Cetyltrimethylammonium bromide (CTAB) coatings have been used in capillary 

electrophoresis to improve separations of cations by altering the capillary surface and 

therefore reducing protein adsorption.  CTAB forms a positive double layer [18, 42] or 

micelles [43, 44] on the capillary surface depending on the concentration used.  This 

results in the electroosmotic flow going from the cathode to the anode.  Tsuda originally 

applied the coating for the separation of small molecules [45], but the coating has proven 

beneficial for the high efficiency separation of proteins as well [17, 18, 46].  The interaction 

of CTAB with the capillary wall is low, requiring that CTAB be included in the background 

electrolyte or the electroosmotic flow decreased rapidly [43].  The authors hypothesize 

that the low interaction is due to the micelle structure created by the single chained 

surfactant and demonstrate that moving toward a double chained surfactant, which was 

shown by atomic force microscopy to form flat bilayer structures [44], improved the 

stability [43].  Although, the dynamic nature of this coating requires CTAB to be included 

in the background electrolyte, which has been shown to denature the proteins [47].  

Previously, CTAB has been combined with sodium dodecyl sulfate in order to form a 

stable semi-permanent coating, which circumvented the need to include CTAB in the 

background electrolyte; however, high adsorption of anionic myoglobin was observed 

[16].  While these separations were primarily applied to basic proteins [13, 14, 16-18] at 

neutral pH, one report included acidic proteins by lowering the pH to 3 where all the 

proteins would be cationic [48]. 

 

Physical coatings are promising reagents for protein separations.  For example, 

separations performed with the cationic polysaccharide coating chitosan had reported 

plate counts  400,000 plates/meter for basic proteins only [39].  Zwitterionic surfactants 

[49] and phospholipids [50,51] are also good reagents for the separation of proteins, 

especially when used with dynamic additives that generate electroosmotic flow.  The 

zwitterionic molecule masks the silica surface in order to prevent protein adsorption.  A 

prior study achieved high efficiency separations of cationic and anionic proteins by using  
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Table 2-1. Semi-permanent coatings developed for protein separations 

  Protein Mixtures Plate/m x103  

Coating 

Materiala 

EOF
b 

Anions + 

Cationsc 

Anionsd  Cationsd  Anionic  Cationic  Ref 

DMPC-

CTAB 

Y A1-3; 

C1-C3 

N/A N/A 160-550 460-940 This 

work 

DOPC S A4-5; 

C1-C5 

A6-A8 C1-C4 180-260 180-930 [40] 

DMPC S N/A N/A C1-C5 N/A 90-370 [14] 

DODAB and 

POE 

S N/A A6-A8 C1-C4 120-640 25-1300 [41] 

DODAB +/- 

20 mM 

CaCl2 

Y N/A A7-A8 C1-C4 350 310-1200 [54] 

DODAB Y N/A N/A C1-C4 N/A 900-1000 [32] 

DODAB Y N/A N/A C1, C4 N/A 90-500 [33] 

DODAB Y N/A N/A C1, C3-

C4 

N/A 140-640 [30] 

DDAB Y N/A N/A C1-C4 N/A 900-4200 [34] 

DDAB Y N/A N/A C1-C4 N/A 750-1050 [37] 

DDAB, 

DHAB, 

DTAB 

Y N/A N/A C1-C4 N/A 1000-

4000 

[35] 

DDAB and 

CTAB 

Y N/A N/A C1-C4 N/A 560-750 [38] 

2C14DAB  

or 2 

C18DAB 

Y N/A N/A C1-C4 N/A 700-800 [36] 

SDS/CTAB Y N/A N/A C1-C4 N/A 364-562 [16] 

M7C4I Y N/A N/A C1-C4 N/A 1800 [15] 
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linear PCA S N/A N/A C1, C3-

C4 

N/A N/A [20] 

Chitosan Y N/A N/A C1, C3-

C4, C6 

  [39] 

aCoating material abbreviations are as follows: DMPC- 1,2-dimyristoyl-sn-glycero-3-

phosphocholine; CTAB- cetyltrimethylammonium bromide; DOPC- 1,2-dioleoyl-sn-

glycero-3-phosphocholine; DODAB- dimethyldioctadecylammonium bromide; POE- 

polyoxyethylene; DDAB - didodecyldimethylammonium bromide; DHAB- 2,2-

dihydroxyazobenzene; DTAB- dodecyltrimethylammonium bromide; M7C4I - 1-(4-

iodobutyl) 4-aza-1-azoniabicyclo[2,2,2] octane iodide; 2C14DAB- 

dimethylditetradecylammonium bromide; 2C18DAB- dimethyldioctadecylammonium 

bromide; PCA- polyacrylamide 

bFor EOF, Y means EOF is present and reversed, while S means EOF is suppressed. 

cProtein abbreviations are as follows: alpha-1-antitrypsin (A1), transferrin (A2), enolase 

(A3), hemoglobin (A4), carbonic anhydrase (A5), insulin chain A (A6), trypsin inhibitor 

(A7), alpha-lactalbumin (A8), ribonuclease A (C1), alpha-chymotrypsinogen A (C2), 

lysozyme (C3), cytochrome c (C4), myoglobin (C5), not applicable (N/A) 

dProteins were listed as cationic or anionic based on the pI and background electrolyte 

reported in the referenced paper. 
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Rewoteric AM CAS U, which is a zwitterionic coating containing a negative sulfonate 

group and positive amine group[49].  The commercial material was used in combination 

with perchlorate ions; however, this dynamic coating resulted in cationic protein 

interaction with the capillary surface at pH values below 5.5 [49], which limits the use of  

this coating to analysis of proteins above pH 5.5 or to negative proteins.  Other dynamic 

additives, such as metal ions in combination with phospholipid [51], fluorosurfactants [52], 

and poly(diallyldimethylammonium chloride) [53], have been utilized for the simultaneous 

separation of cationic and anionic proteins in the presence of electroosmotic flow, but 

coating additives are required in the background electrolyte in every case.  Double 

chained surfactants [32, 41, 54] and phospholipids [40] have been used to develop semi-

permanent coatings that can achieve protein separation efficiencies above 100,000 

plates/meter with some including both cationic and anionic proteins [40, 41]. The high 

efficiencies are an indication of the resolution that can be achieved.  However, in the case 

of near neutral coatings [40, 41] strongly acidic (pI < 6) and basic proteins had to be 

analyzed in separate runs with different polarities at pH 7 due to the suppressed 

electroosmotic flow. 

 

By utilizing a phospholipid-CTAB coating, the present study generates a stable 

electroosmotic flow without the need to include CTAB in the background electrolyte 

(which would limit the use of this coating in future applications and exclude mass 

spectrometry due to ionization suppression).  The interaction between CTAB and the 

phospholipid bilayer involves insertion of the hydrophobic tail into the bilayer [55-57].  The 

interaction of CTAB with a phospholipid bilayer is concentration dependent [57-60].  

CTAB is disruptive to the bilayer above the critical micelle concentration [61] but is 

stabilizing to the bilayer below the critical micelle concentration [59].  Furthermore, it has 

been demonstrated that exposing a phospholipid bilayer coating to calcium and CTAB 

coatings increases the stability of the bilayer coating [55,62].  The stable interaction 

between CTAB and phospholipids observed at concentrations below the critical micelle 

concentration is utilized in this study to generate a semi-permanent coating with a positive 

surface.  This allows for the separation of cationic and anionic proteins in a single analysis 

with little to no protein adsorption. 
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This research demonstrates the limitations of protein analyses using bare fused silica and 

phospholipid coated capillaries and provides insight into the mechanism, stability, and 

benefits of the phospholipid-CTAB coating for protein analyses.  Severe protein 

adsorption is shown for cationic proteins using bare fused silica, and while the 

phospholipid coating alleviates issues with protein adsorption, the suppressed 

electroosmotic flow results in the requirement to perform anionic and cationic analyses 

separately.  The hydrophobic tail of CTAB is shown to be important to the mechanism of 

forming the CTAB layer on the preexisting phospholipid coating for the generation of 

electroosmotic flow.  The phospholipid-CTAB coating developed here does not require 

the addition of CTAB to the background electrolyte and maintains a reproducible 

electroosmotic flow even after extensive flushing and multiple protein analyses.  

Separations between pH 4 and pH 9 demonstrate the value of the phospholipid-CTAB 

coating for the analysis of acidic and basic proteins, as well as the distinction of protein 

isoforms. 

 

2.2. Materials and Methods 

2.2.1 Chemicals and reagents.  Sodium phosphate, sodium acetate, dimethyl formamide, 

calcium chloride, tetramethyl ammonium bromide, sodium hydroxide, hydrochloric acid, 

α-1-antitrypsin from human plasma, alpha-1-acid glycoprotein, ribonuclease A from 

bovine pancreas, enolase from baker’s yeast, α-chymotrypsinogen A from bovine 

pancreas, human lysozyme (L1667), serum (ERM-DA470k/IFCC), human 

albumin/immunoglobulin depletion kit (LSKMAGHDKIT) and human transferrin, were 

purchased from Millipore Sigma (Burlington, MA).  Cetyltrimethylammonium bromide was 

purchased from Acros Organics (Geel, Belgium).  Deionized water was filtered using an 

Elga Purelab ultra water system (Lowell, MA).  The phospholipids 1,2-dimyristoyl-sn-

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

(DHPC) were purchased from Avanti Polar Lipids (Alabaster, AL).  All buffers were filtered 

through 0.45 µm PTFE filters (VRW) before use.   

 

2.2.2 Preparation of Phospholipid and CTAB solutions.  Phospholipid solutions were 

prepared as described previously [63,64].  Briefly, the DMPC and DHPC were weighed 
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out so that the sample contained a molar ratio of DMPC: DHPC = 0.5.  The phospholipid 

powder was then hydrated with 50 mM pH 6 sodium phosphate buffer so that the solution 

contained 5% phospholipid (w/v).  The phospholipid preparations were thoroughly 

dissolved using a vortex mixer before undergoing three freeze-thaw cycles, which 

homogeneously reassemble pre-existing morphologies formed during the process of 

dissolution.  The solutions were then centrifuged at 10000 rpm for 10 min at 4ºC to ensure 

any particulate or undissolved phospholipid could either be isolated from the 

phospholipids or better dissolved.  After centrifugation, samples were aliquoted and 

stored at -20ºC.  Before use, calcium chloride was added to the phospholipid solution at 

a concentration of 1.25 mM.  Calcium chloride is included in the preparations to fuse the 

bilayer and create a continuous surface [65].   

 

The solution for the CTAB coating was prepared from powder daily.  The stock solution 

was prepared at 8 mM using 50 mM phosphate 50 mM acetate pH 7.4 buffer.  The solution 

was mixed using a vortex mixer. After the powder was dissolved, the stock was diluted 

with run buffer, which was 50 mM phosphate 50 mM acetate buffered at pH 5-8.  The final 

CTAB concentration for the coating solution ranged from 50-500 µM. 

 

2.2.3 Capillary Electrophoresis.  Separations were performed using a P/ACE MDQ or 

MDQ Plus (Sciex, Redwood City, CA) with UV-vis absorbance detection at 200 nm.  Bare 

fused silica capillaries with a 25 µm internal diameter, total length of 60 cm, and effective 

length of 10 cm or 50 cm (Polymicro Technologies, Phoenix, AZ) were used for 

separations.  For electroosmotic flow measurements, dimethyl formamide was prepared 

at a concentration of 2 mM with 50 mM phosphate 50 mM acetate buffered at pH 7.4.  

Stock concentrations of proteins were dissolved to 250 µM in 50 mM phosphate buffer 

pH 7.4 and were stored at 4ºC.  Protein standards were diluted in the background 

electrolyte to 40 µM α-1-antitrypsin, 10 µM transferrin, 10 µM enolase, 40 µM α-

chymotrypsinogen A, 50 µM ribonuclease A, and 50 µM lysozyme in order to keep similar 

signals between proteins despite differences in absorbance.  The only exception to this 

was that proteins were suspended in pH 7 for the pH 4 separations to avoid problems 

with protein stability in solution.  Protein stocks were prepared weekly, while protein 
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samples were prepared fresh daily.  Serum was depleted of immunoglobulins and 

albumins using the depletion kit according to the manufacturer’s protocol because the 

concentration of these proteins are much higher than the concentrations of the other 

abundant proteins.  As a result of processing and reconstitution in phosphate buffered 

saline the sample that was analyzed was diluted by a factor of 1.96.   

  

2.2.4 Preparation of bare fused silica capillaries.  For bare fused silica studies, the 

capillaries were conditioned with sodium hydroxide for 60 min and water for 10 min at 172 

kPa (25 psi).  Between runs, the capillary was flushed with 1 M sodium hydroxide for 10 

min, deionized water for 7.5 min, and BGE for 4.5 min at 172 kPa (25 psi).  Protein 

standards were injected serially as two separate mixtures, standard 1 (α-1-antitrypsin, 

transferrin, and enolase) and standard 2 (ribonuclease A, and lysozyme), at 3.4 kPa (0.5 

psi) for 5s.  Separations were performed using normal polarity at a field strength of 400 

V/cm and an effective capillary length of 10 cm. 

 

2.2.5 Preparation of the phospholipid coated capillaries.  For separations employing the 

phospholipid coating, capillaries were prepared as follows. First bare fused silica 

capillaries were conditioned with 1 M sodium hydroxide for 30 min, deionized water for 

15 min, methanol for 15 min, and deionized water for 15 min at 172 kPa (25 psi). 

Phospholipid bilayers self-assemble on silica surfaces to form a semi-permanent bilayer 

to passivate and suppress electroosmotic flow [50,51].   To create the non-covalent 

phospholipid surface modification, the discrete nanodisks formed from the phospholipid 

coating solution are introduced to self-assemble on the silica surface [31].  Capillaries 

were then flushed with 50 mM phosphate 50 mM acetate buffered at pH 7 for 3 min, 

phospholipid ([DMPC]/[DHPC] = 0.5, 5% phospholipid by weight) in sodium phosphate 

buffered at pH 6 for 20 min, and 50 mM phosphate 50 mM acetate buffered at pH 7 for 3 

min at 172 kPa (25 psi).  Between each analysis, capillaries were flushed with run buffer 

for 7.5 min, [DMPC]/[DHPC]  = 0.5, 5% phospholipid for 7.5 min, and run buffer for 4.5 

min at 172 kPa (25 psi).  An injection of protein standard 1 or protein standard 2 at 3.4 

kPa (0.5 psi) for 5 s was performed.  Analyses were performed at 400 V/cm in reverse 

polarity for anions and in normal polarity for cations with an effective length of 10 cm. 
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2.2.6 Preparation of the phospholipid-CTAB coated capillaries.  For separations using the 

phospholipid-CTAB coating, capillaries were prepared in the same manner as for the 

phospholipid coating with two additional steps.  The flush before each run was modified 

to include a 7.5 min flush with CTAB at 172 kPa (25 psi) after the 7.5 min phospholipid 

flush.  For CTAB separations at different pH values, the CTAB solution was made in the 

background electrolyte buffered at the same pH value as that used for the separation 

except for the analyses performed at a pH of 4. The CTAB solution for the pH 4 

separations was reconstituted in background electrolyte buffered at pH 7. The CTAB 

concentration was 100 µM except where otherwise noted.  A wait step was programmed 

so that the capillary was dipped into a buffer vial specifically used to remove any residual 

CTAB from the exterior surface of the capillary before continuing the flush sequence.  

Analyses were performed at 400 V/cm with injections occurring at the cathode and 

detection at the anode.  The effective length for experiments that compared the hybrid 

phospholipid-CTAB coating to the bare fused silica and phospholipid coating was 10 cm, 

while the effective length for analyses across different pH values was 50 cm.  All coating 

and capillary preparative steps occurred at 19°C and all separations occurred at 25°C 

using thermostated capillary cartridges.  Data collection and analyses were performed 

using 32 Karat Software versions 7.0 or 10.2. 

 

2.3. Results and Discussion 

2.3.1 Bare fused silica analyses.  Bare fused silica capillary electrophoresis separations 

are limited by the adsorption of cationic proteins to the negative capillary surface.  This is 

demonstrated in Figure 2-1 trace A through the separation of five model proteins with a 

range of isoelectric points [66-71]: lysozyme, ribonuclease A, enolase, transferrin, and α-

1-antitrypsin.  Proteins that are more cationic experienced more adsorption to the silica 

surface.  Lysozyme, which is the most cationic protein with an isoelectric point above 11 

[71], interacts so strongly with the capillary it is absent from the electropherogram, a 

phenomenon which has been reported in the literature [13].  For the other proteins, peak 

tailing attributed to adsorption is quantified using peak asymmetry.  The asymmetry 

values for ribonuclease A and enolase are 3.1 and 1.8, respectively, indicating that 

ribonuclease A experiences significantly more adsorption than enolase, which is anionic.   
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Figure 2-1. Bare fused silica and phospholipid coated separations of proteins.  The 

protein models α-1-antitrypsin (AAT, [A]), transferrin [T], enolase [E], ribonuclease A 

(RNAse) [R], and lysozyme [L] were separated on (A) bare fused silica and (B, C) 

phospholipid coated capillary to demonstrate the reduction of protein adsorption achieved 

with the phospholipid coated capillary. Run conditions: UV detection at 200 nm; Ltot = 60 

cm; Leff = 10 cm; 24 kV applied voltage in normal polarity (A, B); 24 kV applied voltage in 

reverse polarity (C); 50 mM phosphate 50 mM acetate buffer, pH 7.  Reproduced from 

Crihfield 2019. 
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Pressure injections were used throughout the study in order to avoid preferential 

injections or biases in the data resulting from differences in protein mobilities.  Transferrin 

and α-1-antitrypsin are excluded from this comparison since both proteins have multiple 

isoforms [66,72], which makes the peak shape asymmetric even in the absence of 

adsorption to the wall. 

 

2.3.2 Phospholipid coated analyses.  A semi-permanent phospholipid coating is employed 

for the protein separations, see Figure 2-1 traces B and C, to reduce the negative charge 

on the surface and prevent protein adsorption on the capillary wall.  The coating results 

in a slight electroosmotic flow from the cathode to the anode, which is quantified [73] as  

-0.2 x 10-4 cm2V-1s-1 using a previously established method  [74], and is shown in Figure 

S-2-2A.  However, electroosmotic flow of this magnitude is not sufficient for anions and 

cations to be analyzed in a single run, which is why the cations are analyzed in normal 

polarity (trace B) and the anions are analyzed in reverse polarity (trace C). The 

phospholipid coating alleviates the cationic adsorption as evidenced by the detection of 

lysozyme in Figure 2-1 trace B with an asymmetry factor of 1.3.  However, ribonuclease 

A is not detected in the phospholipid coating analyses due to the suppressed 

electroosmotic flow and the low mobility of ribonuclease A.  As shown in Figure 2-2B, the 

mobility is determined to be 0.08 x 10-4 cm2V-1s-1 using an established method [74].  

Furthermore, the phospholipid coating reduces the adsorption of anionic proteins as well, 

which is demonstrated by the improvement in the asymmetry factor for enolase from bare 

fused silica (1.8) to phospholipid coating analyses (1.1).  Theoretical plate counts, which 

are summarized in Table 2-2, improve by 2-fold or more for the phospholipid analyses 

further corroborating that interaction between proteins and the capillary wall is reduced 

with a phospholipid coated capillary.  While the barrier of protein adsorption is overcome 

using the phospholipid coating, the coating is not capable of separating cationic and 

anionic proteins in a single run. 

 

2.3.3 Phospholipid-CTAB coated analyses.  Electroosmotic flow with an inert phospholipid 

surface is generated through the addition of CTAB.  The hydrophobic tail of CTAB is 

postulated to insert into the lipid bilayer [56-58], as depicted conceptually in Figure 2-3A.   
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Figure 2-2. A. The electroosmotic flow in a phospholipid coated capillary was 

determined to be −0.2 × 10−4 cm2V−1s−1 using the method previously reported in 

the literature [2]. For this analysis, the specified pressure and push step into the 

capillary was 3.4 kPa (0.5 psi) 5 min and the electrophoresis time was 3 min at 24 

kV. In B, the electrophoretic mobility of Ribonuclease A (RNAse) in a phospholipid 

coated capillary was determined with slight modification and required only two 

injections, the first one containing DMF and ribonuclease A and the second 

containing only DMF. The push step was 3.4 kPa (0.5 psi) for 5 min and the 

electrophoresis time was 3 min at 24 kV.  Reproduced from Crihfield 2020. 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S2352340920300172?via%3Dihub#bib2
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Table 2-2. Impact of capillary surface on efficiency 
 

Average plates (RSD)a 
 

AAT
b
 Tf Enol RNAse Lys 

Bare fused N/A 5,000 (21) 14,000 (18) 11,000 (9) N/A
c
 

Phospholipid  N/A 11,000 (2) 79,000 (4) N/A
d
 16,000 (11) 

aSeparations obtained using a background electrolyte of 50 mM sodium phosphate 50 
mM sodium acetate buffered at pH 7, a 25 µm internal diameter fused silica capillary with 
a total length of 60 cm, an effective length of 10 cm and E = 400 V/cm.  Relative standard 
deviation (RSD) and average are based on n = 6 measurements. 

bα-1-antitrypsin not included because the isoforms produced multiple peaks. 
cAdsorption of lysozyme to the silica wall, prevented calculation of plate count. 
dRibonuclease A migrated too slowly to be seen within the separation timeframe. 
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Figure 2-3. The electroosmotic flow for a phospholipid coated capillary (A) for 

phospholipid capillary coated with the tetramethyl ammonium bromide head group 

(HG) of CTAB (B) and for phospholipid capillary coated with CTAB (C) was 

determined using the method described in Fig. 1, with some modifications. The 

phospholipid (A) and phospholipid with HG (B) were analyzed with no modification, 

which resulted in electroosmotic flow of −0.2 × 10−4 cm2V−1s−1. Due to the high 

electroosmotic flow in the phospholipid with CTAB capillary (C), the method was 

modified to have a 3.4 kPa (0.5 psi) 7 min push step and 30 s electrophoresis to 

keep the peaks between the injection and detection sites. The phospholipid with 

CTAB capillary had an electroosmotic flow of −4.2 × 10−4 cm2V−1s−1.  Reproduced 

from Crihfield 2020. 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S2352340920300172?via%3Dihub#fig1
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In order to verify the importance of the hydrophobic tail, the electroosmotic flow is 

measured for phospholipid alone, phospholipid with only the charged group of CTAB, and  

phospholipid with CTAB, seen in Figure 2-3.  Fast and accurate determinations of mobility 

were achieved [73] as reported previously [74] by introducing 3 sample injections 

segregated by background electrolyte and monitoring the effect of electric field on the 

spacing between the analyte bands.  The electroosmotic flows for the phospholipid 

coating and the phospholipid coating with the charged group are the same (i.e. -0.2 x 10-

4 cm2V-1s-1), while the phospholipid-CTAB coating generated an electroosmotic flow of -

3.1 x 10-4 cm2V-1s-1, signifying that the hydrophobic tail is necessary for the hybrid coating 

formation.  Furthermore, the chain length of the surfactant is important for the hydrophobic 

interaction and insertion.  As shown in Table 1 in Appendix 1, this was confirmed by 

achieving the same electroosmotic flow as the phospholipid coating when octyltrimethyl 

ammonium bromide, which has an 8 carbon chain and the same head group as CTAB, is 

utilized instead of the 16 carbon chain of CTAB. 

 

A stable electroosmotic flow is achieved once the CTAB saturates the surface.  As 

summarized in Table 2-3, once CTAB concentrations above 50 µM are utilized in the coat, 

the electroosmotic flow does not change. There is no need to include CTAB in the 

background electrolyte as the phospholipid-CTAB coating remains stable even after 

extensive flushing with background electrolyte (> 2 hr) that does not contain CTAB, see 

Table 2-4.  No significant change in electroosmotic flow was observed across flushing 

times [73].   

 

The effect of pH on the coating performance was evaluated and is shown in Table 2-5.  A 

combination of sodium phosphate and sodium acetate was used for the background 

electrolyte so that each of the 5 pH values tested was buffered while maintaining the same 

salt ion composition in the separation medium.  The phospholipid-CTAB coating 

generated electroosmotic flow across a range of pH values.  While the electroosmotic 

flow varied less than 1% within pH, the electroosmotic flow increased 16% between pH 5 

and pH 7 [73].  This may be the result of an increase in the lipid packing at low pH values 

[75] improving the capacity for CTAB to insert into the bilayer.   
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Table 2-3. Impact of CTAB concentration on 

electroosmotic flow 

[CTAB], µM 
Electroosmotic flow  

x 10
-4
 cm

2
V

-1
s

-1
 (RSD) 

 

50  2.04 (3)  

100
a,b

  3.14 (0.3)  

300
b
 3.14 (0)  

500
b
 3.14 (0.2)  

aSeparation conditions as described in Table 1.  Relative 

standard deviation (RSD) and average at 100 M CTAB were 

obtained from n = 3 measurements, while all other 

concentrations were obtained from n = 5 measurements. 

bThese concentrations are statistically the same as determined 

with ANOVA ( < 0.2516, F value 1.752 < 5.14).  
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Table 2-4. Impact of buffer flush time on 

electroosmotic flow 

Flush time (min)a 
Electroosmotic flow  

x 10
-4
 cm

2
V

-1
s

-1
 (RSD)b 

4.5 3.10 (0) 

7.5 3.10 (0.3) 

10 3.14 (0) 

15 3.11 (0.3) 

30 3.11 (0.2) 

60 3.12 (0.6) 

120 3.15 (0.2) 

aThe flush time listed is the buffer flush after the CTAB 

flush and programmed wait step to prevent 

contamination in the CTAB flushing sequence. 

bSeparation conditions as described in Table 1.  Relative 

standard deviation (RSD) and average were obtained 

with n = 3 measurements.  
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Table 2-5. Impact of pH on electroosmotic flow
a,b

 

[CTAB] 

(μM) 
pH 

Electroosmotic flow x 

10
-4
 cm

2
V

-1
s

-1
 (RSD) 

100 

9 3.13 (0.9) 

8 3.05 (1) 

7 3.16 (0.6) 

6 3.62 (0.4) 

5 3.78 (0.4) 

4 3.78 (0.5) 

a Relative standard deviation (RSD) and average were obtained 

with n = 10 measurements.  
bSeparation conditions were as follows: Ltot = 60 cm, Leff = 50 cm, 

24 kV applied voltage in reverse polarity.   
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The stability of the coating developed in this research is different from one previously 

reported that used CTAB with an egg-phosphotidylcholine coating  [55].  This prior coating 

demonstrated high efficiency separations but required frequent replenishing of the coating 

between analyses.  In the previous study, the CTAB was incorporated in the phospholipid 

solution prior to coating the capillary at concentrations at or below 15 M [55].  These  

differences in the procedure and stability of the coating indicate that the structure of the 

surface is impacted by whether the phospholipid bilayer is already established on the 

capillary surface prior to the addition of CTAB.  Furthermore, the previously developed 

coating had a much lower charge on the surface at the concentrations tested, which 

resulted in the coating only being used for the separation of basic proteins. 

 

Cationic and anionic proteins are analyzed using the developed phospholipid-CTAB 

coating without adsorption to the capillary surface, as shown in Figure 2-4.  In these 

analyses, the most anionic proteins migrate first since the electroosmotic flow is from the 

cathode to the anode.  Band broadening associated with protein-wall interaction was not  

observed [73] as the theoretical plate counts for the phospholipid-CTAB analyses were 

equal to or greater than those observed in the phospholipid capillary.  The plate count for 

enolase was the exception, which generated a 6-fold change in migration time between 

the two analyses and the width of the peak is injection limited in the CTAB analyses [73].  

This was confirmed by establishing that the plates per meter increased when the effective 

length was increased from 10 cm to 50 cm [73].  A 50 cm effective length was used for 

the remainder of the studies.   

 

To further substantiate that proteins did not interact with the surface, 6 consecutive runs 

were performed without flushing between analyses.  The two proteins separated in this 

experiment, α-1-antitrypsin and lysozyme, were the most anionic and cationic proteins of 

the 5-protein set used in this research.  The migration times and the electroosmotic flow 

had a relative standard deviation (RSD) of 1% from the first to the sixth analyses.  The 

first and last trace are shown in Figure 2-5 to demonstrate the similarities in the traces.  

This result corroborated the assertion that there was no change in the capillary surface 

due to protein adsorption.  Since CTAB was not required in the background electrolyte to  
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Figure 2-4. Phospholipid-CTAB coated surface and separation.  The hydrophobic chain 

of CTAB inserts into the phospholipid bilayer to form a stable coating (A). The resulting 

electroosmotic flow allows for separation of cationic and anionic proteins (B). 

Abbreviations and separation conditions are as noted in Figure 1 with the use of reverse 

polarity.  Reproduced from Crihfield 2019. 
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Figure 2-5. The absence of protein adsorption when the phospholipid-CTAB 

coating is applied was proven by performing consecutive analyses of α-1-

antitrypsin, neutral marker (DMF), and lysozyme without flushing between each 

run. The migration times of the proteins and neutral marker vary by 1% from run 1 

(A) to run 6 (B), which indicates that no adsorption occurred.  Reproduced from 

Crihfield 2020. 
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maintain a stable coating, no CTAB-protein complex formation occurred.  This was 

confirmed by the observation that the electrophoretic mobilities obtained using the  

phospholipid-CTAB coating were within 8% of the electrophoretic mobilities obtained from 

phospholipid analyses [73]. 

 

2.3.4 Tuning protein separations using pH.  The electrophoretic mobility of each protein 

is impacted by the pH as a function of the isoelectric point.  The effect of pH on mobility  

is summarized in Table 2-6.  When the pH of the background electrolyte is above the 

isoelectric point, the protein is negative and migrates with an electrophoretic mobility  

toward the anode.  As the pH approaches the isoelectric point, the electrophoretic mobility 

decreases until the protein is neutral, which occurs when the pH is the same as the 

isoelectric point.  When the pH is below the isoelectric point, the protein is cationic and 

migrates toward the cathode.  The migration times were reproducible within each pH 

(RSD < 1%) as shown in Table 2-7.  The migration times were reproducible across three 

days for the background electrolyte buffered to pH of 7 (RSD ≤1%).  The electroosmotic 

flow was measured at each pH, as summarized in Table 2-5, and was found to be stable 

with RSDs less than 1%.  The electroosmotic flow was used to calculate the 

electrophoretic mobilities.  It should be noted that in cases where the electrophoretic 

mobility was zero (e.g. transferrin at pH 5, enolase at pH 6, and ribonuclease A at pH 8) 

the measurement of electrophoretic mobility was subject to high error because the 

electrophoretic mobility, obtained by subtracting the electroosmotic mobility from the 

apparent mobility, was so small that there were effectively no significant figures in the 

measurement.  While the phospholipid-CTAB coating is stable within a range of pH 4 to 

8, the coating was unstable at a pH of 3, as the migration times varied substantially for 

repeated separations.  Although at a pH of 9 the phospholipid coating produced migration 

times with ≤ 1% RSD (n = 10), this pH value was beyond the buffered region of the 

phosphate-acetate background electrolyte.  Please note the time difference between 

Figure 2-4 and Figure 2-6 is the result of the latter separations being performed with a  
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Table 2-6.   Effect of pH on mobility 
 

Electrophoretic Mobility x 10-4 cm2 V-1s-1 (RSD)a 
 

pH 9b pH 8 pH 7 pH 6 pH 5 pH 4 

α-1-Antitrypsin -1.18 (2) -1.09 (4) -0.93 (2) 
-0.78 (2) 

-0.70 (10) 

-0.49 (3) 

-0.46 (4) 

-0.34 (5) 

N/Ac 

Transferrin -0.81 (3) -0.64 (6) -0.53 (4) -0.32 (5) -0.02 (80)d N/Ac 

Enolase -0.69 (3) -0.40 (9) -0.27 (7) 0 (200)e 0.28 (6) 0.99 (2) 

α-Chymo-

trypsinogen 
-0.31 (7) -0.05 (70) 0.06 (40) 0.37 (4) 0.59 (3) 0.88 (2) 

Ribonuclease A -0.23 (10) -0.03 (100)f 0.10 (20) 0.45 (3) 0.72 (2) 1.06 (2) 

Lysozyme 0.48 (5) 0.66 (6) 0.78 (3) 1.2 (2) 1.3 (1) 1.51 (2) 

aExcept where noted, measurements are based on n = 20 for the proteins and n = 10 for DMF. 

bAll measurements at pH 9 were based on n = 10. 

 cα-1-antitrypsin and transferrin were removed at pH 4.  

dTransferrin was removed at pH 5 when DMF was ran. (n = 10)  

eEnolase was removed at pH 6 when DMF was ran. (n = 10)  

fRibonuclease A was removed at pH 8 when DMF. (n = 10)  
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Table 2-7. Effect of pH on migration time and precision 

 
Average Migration Time, min (%RSD)a 

 
pH 9b pH 8 pH 7 pH 6 pH 5 pH 4 

α-1-Antitrypsinc 4.83 (0.4) 5.03 (1) 5.10 (0.4) 4.74 (0.4) 

4.82 (0.4) 

4.88 (0.3) 

4.91 (0.3) 

5.05 (0.4) 

N/Ad 

Transferrin 5.28 (1) 5.65 (1) 5.65 (0.5) 5.29 (0.4) 5.48 (0.2)e N/Ad 

Enolase 5.43 (1)  6.03 (2) 6.08 (0.5) 5.74 (0.7)f 5.96 (0.5) 7.45 (2) 

α-Chymo- 

trypsinogen A 

5.94 (4) 6.71 (2) 6.72 (0.4) 6.40 (0.6) 6.54 (0.5) 7.17 (1) 

Ribonuclease A 6.18 (1) 6.77 (2)g 6.83 (0.4) 6.58 (0.7) 6.80 (0.5) 7.66 (1) 

Lysozyme 7.74 (3) 8.73 (3) 8.78 (0.6) 8.50 (0.9) 8.48 (0.7) 9.17 (2) 

aRelative standard deviation (RSD) and average are based on n = 20 measurements for the proteins 
and n = 10 measurements for dimethylformamide, except as noted below. 

bMeasurements obtained at pH 9 are based on n = 10. 
cα-1-antitrypsin isoforms are resolved at pH 6 and 5, which resulted in multiple migration times. 
dα-1-antitrypsin and transferrin were excluded from the sample at pH 4.  
eTransferrin was excluded from the sample at pH 5 when dimethylformamide was included.  (n = 10)  
fEnolase was excluded from the sample at pH 6 when dimethylformamide was included.  (n = 10)  
gRibonuclease A was excluded from the sample at pH 8 when dimethylformamide was included.  (n = 
10)  
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Table 2-8. Impact of capillary length on plates/metera 

 
Average plates/meter (RSD) 

 
AATb Tf Enol RNAse Lys 

50 cm Leff  N/A 170,000 (20) 1,010,000 (0.5)  800,000 (10) 950,000 (1) 

10 cm Leff N/A 110,000 (10) 130,000 (20) 190,000 (20) 250,000 (20) 

aEffective length is specified.  Other separation conditions as described in Table 1.  Relative 

standard deviation (RSD) and average were obtained are based on n = 6 measurements. 
bAAT was excluded due to the presence of multiple isoforms, making plate count 

measurements not applicable (N/A). 
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Figure 2-6. Compatibility of the phospholipid-CTAB coated capillary with background 

electrolyte buffered to a pH ranging from 4 to 8.  The separation was tailored to see 

resolution differences by performing the separation at pH 8 (a), 7 (b), 6 (c), 5 (d), and 4 

(e). Separation conditions are as listed in Figure 1 with the exceptions that the Leff was 50 

cm and the pH changed as noted.  Abbreviations for proteins are as noted in Figure 1, α-

chymotrypsinogen A (chymo).  Reproduced from Crihfield 2019. 

pH 7 

pH 6 

pH 5 
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50 cm effective length in order to achieve better separations and plate counts compares 

to the 10 cm effective length used for comparing the coatings and barefused silica.  The 

plate counts measured at pH 6 are provided in Table 2-8 for the two effective lengths for 

comparison.  

 

Tunable separations of proteins are achievable by controlling the pH of the background 

electrolyte.  To demonstrate this concept, α-chymotrypsinogen A was added to the protein 

mixture.  A noticeable change in the resolution of α-chymotrypsinogen A and ribonuclease  

A is achieved by lowering the pH from 8 to 4 as a result of the protein charge changing in 

response to pH, as seen in Figure 2-5 traces A through E. The resolution of α-

chymotrypsinogen A and ribonuclease A obtained are 1, 4, 16, 24, and 49 for pH 8, 7, 6, 

5, and 4, respectively.  Slight differences in the mobility of protein isoforms are 

distinguished when the pH of the separation is near the isoelectric point.  This is 

demonstrated using α-1-antitrypsin, which is composed of multiple high  

abundance isoforms with slightly different mobilities that differentiates the isoforms at pH  

5. The α-1-antitrypsin peak changes drastically as the pH is dropped from pH 8 to 5, with 

broadening at the base occurring from pH 8 to 7, two distinguishable peaks occurring at 

pH 6, and three distinguishable peaks occurring at pH 5. 

 

The stability of the acidic proteins at low pH values is a limitation that must be considered 

when performing the analysis of proteins across pH.  A drop in the intensity of the enolase 

peak is observed at pH values below 7.  This is attributed to the decrease in stability of 

enolase below pH 6.8 [76].  Transferrin and α-1-antitrypsin were both excluded from the 

pH 4 analyses due to the documented aggregation of α-1-antitrypsin [77] and the 

instability of transferrin [78] at acidic pH values.  When these proteins were included in 

pH 4 analyses, peaks were not reproducible and spikes occurred in the electropherogram, 

which is attributed to the aggregation.  Finally, while there is a decreasing trend in plate 

count with decreasing pH seen in Table 2-9, all pH values yielded theoretical plates 

between 80,000 and 270,000 for anions without isoforms and 230,000 and 475,000 for 

cations [73]. These efficiencies are comparable to other literature reports summarized in  
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Table 2-9.   Effect of pH on plate count 

 
Average plates (RSD)a 

 
pH 9 pH 8 pH 7 pH 6 pH 5 pH 4 

α-1-Antitrypsin 100,000 (40) 90,000 (10) 64,000 (3) 47,000 (3) 350,000 (5) N/Ab 

Transferrin 110,000 (9) 130,000 (10) 80,000 (3) 190,000 (7) 150,000 (12)c N/Ab 

Enolase 180,000 (15) 250,000 (10) 360,000 (4) 270,000 (8)d 150,000 (30) 80,000 (40)e 

α-Chymo- 

trypsinogen A 

60,000 (20)f 330,000 (9) 340,000 (30) 380,000 (5) 300,000 (7) 230,000 (20) 

Ribonuclease A 70,000 (40) 290,000 (7)g 400,000 (10) 400,000 (5) 310,000 (6) 230,000 (30) 

Lysozyme 300,000 (10) 340,000 (30) 480,000 (7) 470,000 (5) 400,000 (6) 400,000 (10) 

aRelative standard deviation (RSD) and average are based on n = 20 for the proteins and n = 10 
measurements for the DMF, except as noted below. 

bα-1-antitrypsin and transferrin were excluded from the sample at pH 4. 
cTransferrin was removed at pH 5 when DMF was ran. (n = 10)  
dEnolase was excluded from the sample at pH 6 when DMF was included. (n = 10)  
eEnolase plate count could not be calculated in three of the analyses due to the baseline interference with 
where half height was integrated. (n = 17) 

fChymotrypsinogen A width could not be calculated when the peak migrated too closely to the 
ribonuclease A peak in three analyses. (n = 7) 

gRibonuclease A was excluded from the sample at pH 8 when DMF was included and when the peak 
migrated too closely to the α-chymotrypsinogen A peak for a width to be calculated in the last three 
analyses. (n = 7) 
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Figure 2-7.  Analysis of human serum using the phospholipid-CTAB coated capillary.  

Alpha-1-acid glycoprotein (AGP), AAT, and transferrin were analyzed in albumin and 

immunoglobulin depleted serum (A). AAT (B) and transferrin (C) were quantified using the 

method of standard addition, as shown in the resulting standard addition curve (D).  

Abbreviations for proteins and conditions are as noted in Figure 1 with the use of reverse 

polarity, an Leff = 50 cm, and an injection of 2 psi 3.5 s (A,B) or 0.5 psi for 5 s (C).  

Reproduced from Crihfield 2019. 
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Table 2-1, but the phospholipid-CTAB coating has the advantage that it can also be used 

to separate anionic proteins simultaneously.   

 

2.3.5 Analysis of human serum.  The utility of the method for protein separations at a 

particular pH depending on the protein isoelectric point was demonstrated.  An albumin 

and immunoglobulin depleted serum sample was separated with the phospholipid-CTAB 

coated capillary.  Alpha-1-antitrypsin and transferrin are abundant proteins with isoelectric 

points ranging from 4.4 to 5.6.  Alpha-1-antitrypsin contains isoforms that generated  

multiple peaks below pH 6.  Therefore, the serum sample was separated at a pH of 7, as 

shown in Figure 2-7.  Both proteins were identified qualitatively with spiking. Additionally, 

alpha-1-acid glycoprotein was identified with spiking.  To obviate matrix effect from the 

serum, the protein quantification was accomplished using the method of standard addition  

and yielded values of 1.2 ± 0.2 mg/mL and 2.44 ± 0.07 mg/mL mg/mL for alpha-1-

antitrypsin and transferrin, respectively.  The values for alpha-1-antitrypsin, and 

transferrin were comparable to levels in healthy adults, which were reported to be 1.12 ± 

0.03 mg/mL and 2.36 ± 0.08 for alpha-1-antitrypsin and transferrin in the serum samples 

[79].     

 

An advantage of the phospholipid-CTAB coating is the flexibility in choosing pH of 

separation based on the protein pI values.  As the electroosmotic flow generated by the 

phospholipid-CTAB coating is similar across pH values the pH of the separation does not 

affect the run time or flow rate.  This is particularly beneficial in mass spectrometry 

applications where separations at pH values that do not denature proteins are desired. 

The phospholipid-CTAB is compatible with ammonium acetate maintained at a pH of 6.5, 

as demonstrated in Figure 2-8 and holds potential for capillary electrophoresis analyses.  

In developing these separations, 50 mM ammonium acetate was also tested but resulted 

in substantial peak tailing as shown in Figure A1-1 in Appendix 1, which indicates that the 

ionic strength of the background electrolyte is important for separation performance. 
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Figure 2-8. An electropherogram of a 6 protein mixture obtained using a 

phospholipid-CTAB coated fused silica capillary. The background electrolyte is 

100 mM ammonium acetate (pH of 6.5). Run conditions: UV detection at 200 nm; 

Ltot = 60 cm; Leff = 50 cm; 24 kV applied voltage in reversed polarity. Standards are 

injected at 3.4 kPa (0.5 psi) for 5 s.  Reproduced  from Crihfield 2020. 
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2.4. Conclusions and Future Directions 

This study provides a fundamental investigation of the performance of a new 

phospholipid-CTAB coating.  The high efficiency separation of strongly acidic (pI < 6) and 

basic proteins in the same run has not been reported while employing a semi-permanent 

coating.  The findings presented here establish a stable, semi-permanent coating based 

on phospholipids to prevent adsorption by masking the silica surface and CTAB to 

generate sufficient electroosmotic flow for cationic and anionic protein separations.  This 

technique demonstrates high efficiency separations of model proteins with the ability to 

use pH to tune the separation to achieve resolution between proteins with similar 

mobilities, as well as protein isoforms.  

 

The phospholipid-CTAB coating holds great potential for use with a capillary 

electrophoresis electrospray ionization mass spectrometry interface.  The stable 

electroosmotic flow across pH values will allow for resolution to be tuned without 

impacting the flow generated for ionization.  Preliminary studies, Figure 2-6, indicate that 

the coating is stable with mass spectrometry friendly buffers, such as ammonium acetate.  

This combined with the biocompatibility of the phospholipid, which means protein function 

and structure are preserved, presents great potential for the native capillary 

electrophoresis mass spectrometry analysis of proteins in the future. 
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Chapter 3: Protein Sieving with Capillary Nanogel Electrophoresis 

 

Adapted from 

Crihfield, C. L.; Holland, L.A., Protein Sieving with Capillary Nanogel Electrophoresis. 

Analytical Chemistry, submitted. 

 

Specific Aims 

Capillary gel electrophoresis protein separations using 

phospholipid nanogels 

a. Size-based separations of proteins using phospholipid nanogels 

b. Thermally-dependent viscosity for easy introduction in-capillary 

c. Low cost ($0.14 per 5 µL; $0.04 per analysis) 

d. Determination of the transition of the separation into a sieving 

mechanism 

e. Accurate quantification of human serum proteins with external 

calibration 

 

 

This material is based upon work supported by the National Science Foundation Grant 

No. CHE1506984.  
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3.1.  Introduction 

Capillary electrophoresis is advantageous for protein analysis because the method 

provides rapid and efficient separations and consumes only picoliter sample 

volumes[1,2].  The technique is compatible with absorbance, fluorescence and mass 

spectrometry detection, which are commonly used for protein assays.  Moreover, the 

consumables are cost effective when fused silica capillary is used at a cost of $10/meter 

and the solvents used for the assay are limited to few millilters for the anodic and cathodic 

reservoirs.  Although protein analyses with free solution electrophoresis are based on 

charge-to-size ratio, the selectivity can be modified to leverage different separation 

mechanisms to resolve proteins.  Recent examples in the literature of such microscale 

electrophoresis separations include sorting analytes according to isoelectric point[3,4], 

stacking them based on mobilities[5], or including additives[6,7] or gels[8-11] that lead to 

separation.  These separations can be easily automated in commercial instruments, 

which is important for protein analyses in industrial applications[7,10,12-14].   

 

Capillary gel sieving electrophoresis is a widely accepted and a heavily used 

biotechnology method, especially in DNA analyses[1].  In comparison to electrophoresis 

in a slab gel, electrophoresis in a gel-filled capillary provides sharper peaks and better 

resolution of biopolymers in a shorter separation time[15,16].    The proteins separated 

by sieving are driven through the gel with a similar electrophoretic transport without any 

additive[17,18] or by including a surfactant[7,10,12,19]  or an ionic liquid[20,21] in the gel 

to bind to the proteins and cause them to have the same charge-to-size ratio.  A porous 

gel in the capillary creates obstructed path through which the proteins pass.  In a sieving-

based separation the gel impedes the analyte migration.  In comparison to a larger 

analyte, a smaller analyte has a higher probability to pass through the pores without 

interacting with the matrix.  The apparent pore size of the gel matrix is the primary factor 

that determines the resolution that can be achieved for the analytes within a sample.  In 

order to resolve all of the analytes within a sample, the pore size must be appropriate for 

the analyte size range.   
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Gels can be composed of permanently cross-linked polymers[22] or even packed silica 

colloids[6,23,24] to create pores of specific size range.  More frequently capillary gel 

electrophoresis utilizes linear gels that entangle to form apparent pores.  This type of gel 

must be used under conditions of suppressed electroosmotic flow to prevent the gel from 

creeping out of the capillary.  Although a variety of polymer matrices are reported[25], 

entangled sieving matrices based on polyacrylamide[15,26] and dextran[10,14,27], are 

frequently used for protein sieving.  For sieving separations accomplished with entangled 

gels, the concentration of the gel determines the apparent pore size of the media[28].  

Smaller pores are achieved at higher gel concentration.  Because the gel is not 

permanently bonded in the capillary it is replaced after each run, eliminating carry-over 

and mitigating the potential for the sample matrix to foul the gel.  Although physical gels 

are renewable, in order to introduce or replace the viscous polymers into a small inner 

diameter separation channel a higher pressure is required than that used for aqueous 

solutions.  Physical gels based on thermally-responsive materials[29] overcome this 

challenge of using a high viscosity gel matrix because they possess switchable 

viscosities.  As a result, a thermally responsive medium can be introduced into the 

capillary at temperatures where the material has a low viscosity.  Once loaded into the 

capillary, the temperature is switched to create a highly viscous gel to support sieving.  

Examples of thermally switchable self-assembled materials reported for DNA sieving and 

in some cases for proteins  include hydroxypropyl cellulose[30], pluronic gels[5,31-33], 

and phospholipid nanogels[34,35].   

 

Phospholipid nanogels, which are an appealing matrix for protein separations, are 

composed of DMPC and DHPC phospholipids that self-assemble to form thermally-

dependent structures.  The viscosity of a 20% nanogel changes 480-fold with only a 6 °C 

temperature decrease and 1800-fold increase in shear rate, from 24 to 0.05 Pa·s[36].  

Low viscosity materials result from nanodisks below 24 °C, while high viscosity materials 

result from entangled ribbons at temperatures above 24 °C.  Nanogels are compatible 

with proteins, improving[37] or sustaining[38,39] protein activity.  Nanogel sieving had 

previously been demonstrated for DNA[34,35,40], which is a much larger biopolymer as 

compared to proteins.  The prior work established that a 6-12% nanogel had an apparent 
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pore size of 30-32 nm[34].  This apparent pore size is significantly larger than proteins.  

For example, spherical proteins spanning a mass range of 5 to 500 kDa correspond to 

radii that range from 1 to 5.2 nm, respectively[41].  In order to realize the advantages of 

phospholipid nanogels for protein sieving the media must be used at a higher 

concentration than previously reported in order to create smaller pores which are more 

suitable for proteins. 

 

In this work, phospholipid nanogel was utilized for protein separations for the first time to 

resolve proteins with similar charge-to-size ratios.  The study was designed to establish 

the concentration of nanogel suitable for protein sieving.  A peptide standard was used to 

demonstrate the difference between transport based on charge-to-size ratio versus 

sieving.  The transition from electrophoresis to sieving was observed at concentrations 

greater than 20% nanogel.   The performance was characterized for the sieving 

separations.  The efficiency and reproducibility in migration time and area were similar for 

separations performed using nanogels of concentrations of 0, 10, 20, 25, and 30%.  The 

slowest migration times were obtained at the highest nanogel concentration; however, 

nanogel composed of 25% phospholipid was sufficient to resolve trypsin inhibitor and 

alpha-1-antitrypsin.  The benefit of utilizing a nanogel sieving-method was demonstrated 

with a human serum sample.  The nanogel separation resulted in baseline resolution of 

proteins that could not be achieved with free solution capillary electrophoresis, allowing 

for accurate quantification.   

 

 

3.2. Materials and Methods 

3.2.1 Chemicals and reagents.  The trypsin inhibitor (T6522), alpha-1-antitrypsin (A6150), 

transferrin (T8158), alpha-1-acid glycoprotein (G9885), human serum 

(ERMDA470KIFCC), sodium phosphate, and calcium chloride were purchased from 

Sigma Aldrich (St. Louis, MO).  Deionized water was obtained from an Elga Purelab ultra 

water system (Lowell, MA).  The phospholipids, 1,2-dimyristoyl-sn-glycero-3-

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

purchased from Avanti Polar Lipids (Alabaster, AL).   
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3.2.2 Preparations of buffers and phospholipids.  The separation background electrolyte 

in the anodic and cathodic reservoirs was 50 mM sodium phosphate buffered to pH 8 

using sodium hydroxide.  Phospholipid nanogels were prepared as described previously, 

aliquoted, and stored at −20°C[42,43]. The preparation used as the semi-permanent 

phospholipid surface coating was comprised of a [DMPC]:[DHPC] ratio of 0.5 at a 

concentration of 5% (w/v).  For the nanogel, the phospholipids were prepared at a 

[DMPC]:[DHPC] ratio of 2.5 and at concentrations of 10, 20, and 25% (w/v).  The 50 mM 

pH 8 sodium phosphate buffer was used to hydrate the phospholipid to the final w/v 

concentration required.  After dissolving using a vortex, the phospholipids were subjected 

to three freeze-thaws and then centrifuged at 4 °C, 10,000 rpm for 10 min.  The 

phospholipids were aliquoted and stored at -20 °C.  Immediately prior to use, calcium 

chloride was added to the thawed phospholipid coat at a final concentration of 1.25 mM.   

 

3.2.3 Preparation of standards and samples.  Standards and samples were prepared in 

50 mM sodium phosphate buffered at pH 8.  Individual protein samples were dissolved 

and desalted using 10 kDa molecular weight cut-off filters (cat# UFC501024, Millipore 

Sigma, Allentown, PA).  Proteins were diluted to 50 µM in 50 mM sodium phosphate 

buffered to pH 8 and concentrations were determined using a Nanodrop 

spectrophotometer (Model 1000, ThermoFisher, Madison, WI).  The proteins from human 

serum were aliquoted and stored in a -70 °C.  The albumin and IgG were depleted using 

a kit from Pierce (Cat no. 89875) as per the manufacturer instructions and then buffer 

exchanged into the sodium phosphate buffer prior to analysis. 

 

3.2.4 Capillary electrophoresis methods.  Separations were performed using a P/ACE 

MDQ Plus (Sciex, Redwood City, CA) with UV-visible absorbance detection at 200 nm.  

Capillaries (Polymicro Technologies, Phoenix, AZ) with a 25 µm inner diameter, 40 cm 

total length, and 10 cm effective length were used for the analyses.  The separation 

capillary was flushed daily at 172 kPa (25 psi) using the following sequence 1N sodium 

hydroxide 30 min, deionized water 5 min, methanol 15 min, and deionized water 5 min.  

The phospholipid coating was then applied to the capillary, which was maintained at  
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19 °C, by flushing at 172 kPa (25 psi) with 50 mM sodium phosphate buffered to pH 8 (3 

min), semi-permanent surface coating of 5% phospholipid w/v (20 min), and buffer 3 

(min).  Between analyses, the capillary was flushed with 50 mM sodium phosphate 

buffered to pH 8 (5 min), semi-permanent surface coating (3 min), and 50 mM sodium 

phosphate buffered to pH 8 (3 min).  For the nanogel analyses, the nanogel was flushed 

through the capillary (7.5 min) at 172 kPa (25 psi) followed by a 10 s pre-plug of 50 mM 

sodium phosphate buffered to pH 8 at 13.8 kPa (2 psi).  The capillary temperature was 

raised to 27 °C prior to sample injection at 10 kV for 4 s.  Following the sample injection, 

a post plug of 50 mM sodium phosphate buffered to pH 8 was introduced into the capillary 

at 3.4 kPa (0.5 psi) for 5 s.  Separations were performed using reverse polarity at a field 

strength of 100 V/cm. 

 

3.2.5 Electroosmotic flow measurements.  A previously reported method[44] was used to 

calculate the electroosmotic flow.  Three neutral marker peaks were patterned in the 

capillary and spaced with the background electrolyte.  The first two peaks were separated 

only by pressure.  The same pressure and time was then used in combination with 

electrophoresis to push the peaks into the capillary.  Afterwards, the third injection was 

made.  The patterned zones were then pushed to the detection window and the 

mobilization time for each peak was recorded.  The presence of electroosmotic flow was 

evidenced as an unequal distance between the first pair of peaks as compared to the last 

pair of peaks.  In this work the measurements were achieved using a 3.4 kPa (0.5 psi) 5 

s injection of neutral marker (dimethylformamide) which was pushed at 3.4 kPa (0.5 psi).  

This was followed by a second 3.4 kPa (0.5 psi) 5 s injection of the dimethylformamide 

neutral marker that was pushed at 3.4 kPA (0.5 psi) and then electrophoresed at 24000 

V for 500 s.  A third 3.4 kPa (0.5 psi) 5 s injection of dimethylformamide was made.  The 

three plugs of dimethylformamide were pushed to the detection window with 3.4 kPa (0.5 

psi) of pressure.  The distance between the first two peaks was strictly due to pressure, 

while the distance between the second two peaks was due to pressure and 

electroosmotic flow.  Therefore, the difference between the separation time of the first 

pair of peaks and of the second pair peaks of peaks was used to calculate the 

electroosmotic flow using equation 3-1:   
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 µeo = 
𝐿𝑒𝑜𝐿𝑡

𝑉(𝑡𝑚−𝑡𝑟𝑎𝑚𝑝𝑢𝑝/2−𝑡𝑟𝑎𝑚𝑝𝑑𝑜𝑤𝑛/2) 
      (equation 3-1) 

 

where µeo is the electroosmotic flow, Leo is the distance traveled by the neutral markers 

during electrophoresis, Lt is the total length of the capillary, V is the applied voltage, tm is 

the migration time, and trampup and trampdown are the time required to ramp the applied 

voltage up and down, respectively. 

 

3.  Results and Discussion 

3.3.1 Effect of nanogel on electrophoretic mobility.  Whereas small molecules are 

unaffected by gel matrices, when the size of an analyte approaches the pore size of a 

sieving matrix, the electrophoretic mobility is retarded by the porous gel network.  The 

presence of sieving was confirmed in nanogels by observing the effect of a gel matrix on 

molecular transport.  The electrophoretic mobility was measured in the presence and 

absence of nanogel for a low molecular weight peptide, REDV (0.57 kDA) and a protein, 

alpha-1-antitrypsin (52 kDa), with a molecular weight nearly 1000 times larger than that 

of the peptide.  The isoelectric point of the REDV peptide, which was 4.4[45], was similar 

to the protein isoelectric point which ranged from 4.2 to  4.9.  The background electrolyte 

was buffered to a pH of 8 using sodium phosphate to mitigate protein denaturation by 

maintaining the separation near physiological pH.  By using a pH far enough away from 

the isoelectric points of the proteins, the differences in charge were reduced resulting in 

less resolution by charge-to-size ratio.  This was demonstrated for the isoforms of alpha-

1-antitrypsin in a prior report46  and was again confirmed by analyzing trypsin inhibitor 

and alpha-1-antitrypsin in a coated capillary void of nanogel at a range of pH values 

starting near the isoelectric points (pH 5) and ending at pH 8, shown in Figure 3-1. At pH 

5, the protein migration times span 1.3 minutes, while this span is reduced to less than 1 

minute at pH 8 indicating more homogeneous charge-to-size ratios at pH 8.  For these 

reasons, a pH of 8 was selected.  Additionally, at this pH value the selected analytes 

possessed a significant negative charge.  With the electroosmotic flow suppressed, the 

runs were performed under reversed polarity.  A field strength of 100 V/cm was used to 



72 
 

maintain low separation current (i.e. < 10 A).  Separations were performed at 27 °C 

because at temperatures ranging from 24-29 °C an interconnected network of ribbons 

formed[46,47].  Controlling these factors resulted in a separation system that enabled a 

systematic evaluation of sieving.   

 

Prior to further investigation of the nanogel system, beta-lactoglobulin was first used to 

demonstrate sieving, see Figure 3-2, and confirm the identification of standards.  A protein 

mixture of beta-lactoglobulin, alpha-1-antitrypsin, and transferrin was analyzed in 25% 

nanogel.  To confirm the identification, transferrin was left as a migration time marker and 

alpha-1-antitrypsin (Figure 3-2 trace B) and subsequently beta-lactoglobulin (Figure 3-2 

trace C) were analyzed without the other protein.  Beta-lactoglobulin has a molecular 

weight of 18 kDa, and while the migration time was as expected based on size, the protein 

was ultimately dropped from further experiments as confirming whether the second peak 

was due to a protein isoform or the dimer structure would require mass spectrometry 

analysis.  In order to avoid unnecessary experiments, beta-lactoglobulin was replaced 

with trypsin inhibitor. 

 

In order to compare the effect of the nanogel on electrophoretic mobility, the analyte 

migration times were converted to mobilities.  The calculation of the electrophoretic 

mobility from migration time was straightforward for the separation in 20% nanogel 

because the combination of the viscous nanogel and semi-permanent surface coating 

suppressed the electroosmotic flow significantly.  However, for the separation obtained 

with aqueous electrolyte devoid of nanogel, a residual electroosmotic flow was generated 

in the presence of the semi-permanent lipid surface coating used in the capillary.  In order 

to calculate the electrophoretic mobility of analyte the rate of electroosmotic flow was 

subtracted from the apparent analyte mobility.  Direct measurement of electroosmotic 

flow through the separation of a neutral compound in aqueous electrolyte was not feasible 

because the mobility was too slow.  Instead, a previously reported method[44] was used 

to determine the electroosmotic flow.  As described in the Materials and Methods Section  
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Figure 3-1. Separation of trypsin inhibitor (TI) and alpha-1-antitrypsin (AAT) at pH 5 (a), 

pH 6 (b), pH 7 (c), and pH 8 (d) in a coated capillary under reverse polarity in 50 mM 

sodium phosphate acetate.  Separation conditions were 27°C, 100 V/cm, 10 cm Leff, 40 

cm Ltot, and UV-vis absorbance detection at 200 nm.   
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Figure 3-2. Identification of proteins in the separation of beta-lactoglobulin, alpha-1-

antitrypsin, and transferrin using 25% nanogel.  Trace A contains all three proteins, trace 

B contains alpha-1-antitrypsin and transferrin, and trace C contained beta-lactoglobulin 

and transferrin. 
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2.5, the measurement was based on monitoring the difference in the velocity of a neutral 

compound observed upon superimposing electrophoresis in flow injection analyses.  

When this method was applied to a capillary with a passivated surface and an aqueous 

electrolyte devoid of nanogel, the electroosmotic flow generated was 2.51 x 10-5 cm2/Vs 

with a relative standard deviation of 1%.  The direction of this suppressed electroosmotic 

flow was towards the detection window (i.e. from the cathode toward the anode).   

 

This value of electroosmotic flow was subtracted from the apparent mobility of each 

analyte obtained in the absence of nanogel to establish the electrophoretic mobility.  The 

mobility of alpha-1-antitrypsin determined in the absence (n = 3) and presence (n = 3) of 

nanogel was 0.000110 cm2V-1s-1 and 0.000071 cm2V-1s-1, respectively.  In contrast, the 

mobility of the low molecular weight peptide, REDV in the absence (n = 3) and presence 

(n = 3) of nanogel was 0.000150 cm2V-1s-1 and 0.000150 cm2V-1s-1, respectively.  The 

relative standard deviation of the mobility measurements was less than or equal to 1%.  

While the peptide mobility was the same in both separation systems, the protein mobility 

was statistically different ( > 0.05) when evaluated with a two-tailed student t test.  These 

differences in mobility observed for protein but not peptide indicated that protein was 

subject to a size-based separation mechanism attributed to nanogel sieving. 

 

3.3.2 Separation figures of merit obtained for sieving.  Nanogel at concentrations of 6-

12% were shown to have an apparent pore size of 30-32 nm[34].  Therefore, nanogels of 

concentrations higher than 12% were required for proteins, which are smaller than 10 nm 

in diameter[41].  Aqueous preparations at a concentration of 0, 10, 20, 25, and 30% 

nanogel were evaluated to quantify the effect of gel concentration on protein separations.  

The nanogel sieving was measured for three acidic proteins of different molecular 

weights, which were trypsin inhibitor (20.5 kDa), alpha-1-antitrypsin (52 kDa), and 

transferrin (79.5 kDa).  For trypsin inhibitor, a spherical protein, the size was calculated 

as a 1.8 nm radius based on molecular weight[41].  The dimensions for the aspherical 

proteins alpha-1-antitrypsin and transferrin were reported in the literature to be 7.8 by 4.9  
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by 2.2 nm[48] and 4.8 by 9.6 nm[49], respectively.  Additionally, these proteins had similar 

isoelectric points, which for trypsin inhibitor, alpha-1-antitrypsin, and transferrin were 4.5, 

4.2-4.9, and 5.2-5.6, respectively.   

 

Separations of these proteins, shown in Figure 3-3, were performed with nanogel 

concentrations of 0, 10, 20, 25, and 30%.  The protein migration times increased with 

nanogel concentration (see Table 3-1).  Precision in time and in area obtained for proteins 

was ≤ 1% and <10% relative standard deviation, respectively, at each different nanogel 

concentration (n = 3) with one exception (i.e. transferrin at 30% nanogel).  The peaks in 

Figure 3-3 are better resolved at higher nanogel concentrations.  However, peak 

resolution was not calculated because in the presence of nanogel multiple peaks were 

observed for alpha-1-antitrypsin, and transferrin.  As described previously[50], the 

proteins used in the study are composed of multiple isoforms.  Therefore, for these 

proteins increased peak width resulted from the resolution of heterogeneous proteins 

rather than separation efficiency.  As only a single peak was observed for trypsin inhibitor 

for all nanogel concentrations, changes in the theoretical plate count of this peak were 

used to evaluate the separation efficiency.  For this protein the theoretical plate count 

obtained at 0, 10, 20, 25, and 30% nanogel was 170,000, 297,000, 369,000, 380,000, 

and 410,000 plates.  The plate counts obtained using the more viscous nanogel media 

(20, 25, 30%) were statistically the same, but better than the values obtained at 0 at 10% 

nanogel.  The improved separation efficiency could be due to band broadening 

associated with sample injection, if this source of peak broadening is larger than band 

broadening processes that occur during the separation.  While the separation efficiency 

and precision were similar in the presence of nanogel, the increase in protein migration 

times with concentration was due to protein sieving.  As summarized in Table 3-2, the 

change in protein mobility was more substantial for the 20, 25, and 30% nanogel.   
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Figure 3-3. Separation of model proteins trypsin inhibitor, alpha-1-antitrypsin (AAT), and 

transferrin in the absence (A) and presence (B-E) of phospholipid nanogel.  Separation 

conditions were 27 °C, 100 V/cm, 10 cm Leff, 40 cm Ltot, and UV-vis absorbance detection 

at 200 nm.   
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Table 3-1. Migration time obtained using different concentrations of nanogel 

Protein  0% 10% 20% 25% 30% 

trypsin inhibitor 10.4 13.0 16.0 18.3 23.0 

-1-antitrypsin 11.4 14.9 19.5 23.5 32.4 

transferrin 35.4 23.1 29.8 35.4 50. 

All migration times had relative standard deviations equal to or less than 1% with 

the exception of transferrin at 30% nanogel, which had a relative standard 

deviation of 3%. 
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3.3.3 Effect of nanogel concentration on protein sieving.  The onset of sieving depicted in 

Table 3-3 was better visualized through graphical analysis of the logarithm of the mobility 

and gel concentration.  For standard Ogston sieving, the electrophoretic mobility is 

exponentially related to molecular size and depicted through a Fergusson plot[25,51]  The 

logarithm of the mobility was obtained by plotting the mobility of the protein isoform peak 

with the highest intensity against the nanogel concentration.  When these graphs are 

created for sieving achieved with gels that are linear polymers they can be fit with a linear 

function[50], for which the figures of the linear regression are summarized in Table 3-3.  

The plot obtained with the self-assembled nanogels revealed two distinct regions of 

protein mobility.  This is because the self-assembly of nanogels into entangled structures 

is concentration dependent[47], creating defined regions in which sieving occurs for 

proteins.  As demonstrated in Figure 3-4, a transition in mobility was observed and was 

calculated to be 21% by determining the linear fit of the mobility below (i.e. 0, 10, 20% 

nanogel) and above (i.e. 20, 25, 30% nanogel) the transition and solving for the percent 

nanogel obtained at the Y-value in common for trypsin inhibitor, alpha-1-antitrypsin, and 

transferrin.  The rate at which the mobility decreased for each protein was linear, with 

correlation coefficients ranging from 0.90 to 0.99 for the slopes obtained with 0, 10, 20% 

nanogels or with correlation coefficients ranging from 0.96 to 0.98 for the slopes obtained 

with the 20, 25, and 30% nanogels.  The slopes obtained in the sieving regime of 20, 25, 

and 30% nanogels, were then used to derive the retardation coefficient by taking the 

square root of each slope, which was then plotted against protein size.  The hydrodynamic 

radius of the aspherical proteins was reported as the largest dimension of the actual 

measured sizes, which yielded radii of 3.9 nm and 4.8 nm[48,49].  For the 20, 25, and 

35% nanogel, this curve (see Figure 3-5) was linear with a correlation coefficient of 0.96.  

The linearity of this curve further confirmed the suitability of nanogel to sieve proteins.   

Notably, when a similar plot was made for the separations performed at 0, 10, and 20% 

nanogel (see Figure 3-6), no correlation was observed.   
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Table 3-2. Effect of Percent nanogel on protein mobility 

    eph, (cm2/Vs), eph  at different nanogel concentration 

Protein  MW 

(kDa) 

0% 10% 20% 25% 30% 

trypsin 

inhibitor 

20.5 0.000135 0.000115 0.000104 0.000091 0.000071 

-1-antitrypsin 52.0 0.000122 0.000099 0.000086 0.000071 0.000051 

transferrin 79.5 0.000071 0.000059 0.000056 0.000047 0.000033 

The electrophoretic mobilities are reported.  These are calculated by 

subtracting the electroosmotic mobility from the apparent mobility.  The 

electroosmotic mobility for 0% and 10%, is 2.51 x 10-5 cm2/Vs, and 1.4 x 10-5 

cm2/Vs, respectively, with each mobility having ≤ 2% relative standard 

deviation.  The electroosmotic mobilities of 20, 25, and 30% nanogel were too 

low to measure.  All reported electrophoretic mobilities had a percent relative 

standard deviation equal to or less than 1% with the exception of transferrin 

at 30% nanogel, which had a relative standard deviation of 3%. 
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Table 3-3. Results of linear regression of curves in the Figure 

3-4 plot of the log of mobility versus nanogel concentration 

 0-20% nanogel 

Protein
a
 slope y-intercept R2 

Trypsin inhibitor -0.0056 ± 0.0008 -3.87 ± 0.01 0.94 

Alpha-1-antitrypsin -0.0084 ± 0.0008 -3.89 ± 0.01 0.96 

Transferrin -0.004 ± 0.002 -4.17 ± 0.03 0.75 

 20-30% nanogel 

 slope y-intercept R2  

Trypsin inhibitor -0.016 ± 0.003 -3.65 ± 0.07 0.97  

Alpha-1-antitrypsin -0.020 ± 0.003 -3.62 ± 0.08 0.96  

Transferrin -0.022 ± 0.004 -3.8 ± 0.1 0.98  

aMost abundant isoform was used in cases where multiple isoforms 

were present. 
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Figure 3-4. Ferguson plot for proteins analyzed using phospholipid nanogel.  The logarithm of 

the mobility of trypsin inhibitor, alpha-1-antitrypsin, and transferrin were plotted versus the percent 

nanogel. Two distinct slopes were observed for each protein.  The beginning of the sieving regime 

for each protein is indicated by where the two lines for each protein intersect. All relative standard 

deviations in mobility were ≤ 1% with the exception of transferrin when analyzed using 30% 

nanogel, which gave a relative standard deviation of 3%.  Error bars are not shown as they are 

asymmetric in a logarithmic plot. 
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Figure 3-5 shows the plot of the retardation versus molecular size of trypsin inhibitor, 

alpha-1-antitrypsin, and transferrin separated using 20-30% nanogel.   
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Figure 3-6 shows the plot of the retardation versus molecular size of trypsin inhibitor, 

alpha-1-antitrypsin, and transferrin separated using 0-20% nanogel.  The slope was zero 

when the proteins were separated in 0-20% nanogel, which indicated that migration was 

not impacted by size.   
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3.3.4 Quantification of human serum proteins using nanogel.  Based on the findings of 

the nanogel sieving experiments the 25% nanogel was selected to resolve human serum 

proteins that differed in size.  Resolution of acidic proteins ranging from 20 to 80 kDa in 

human serum samples was achievable using a sieving-based separation instead of a 

separation based on charge-to-size ratio.  A human serum sample depleted of albumin 

and IgG was analyzed in the presence and absence of the nanogel to emphasize the 

utility of capillary sieving.  When the sample was separated with free solution capillary  

electrophoresis, the charge-to-size ratios of alpha-1-acid glycoprotein and alpha-1-

antitrypsin were too similar to resolve and subsequently quantify the proteins as seen in 

Figure 3-7 trace A.  However, when the sieving was introduced with nanogel, the two 

proteins were baseline resolved, Figure 3-7 trace B.  The broadness of the AGP peak in 

both traces was due to the heterogeneity of the protein, which had multiple isoforms with 

different sizes[52] and glycosylation[53].  Additionally, the large (> 140 kDa) non IgG 

immunoglobulins (IgY), shifted to a slower migration time, (Fig 3-7), making quantification 

possible.  With baseline resolution achieved, each of the three most abundant proteins 

was quantified using an external calibration curve.  The external calibration curves (Figure 

3-8) were obtained using standards that each contained all three proteins.  The quantified 

concentrations of alpha-1-acid glycoprotein, alpha-1-antitrypsin, and transferrin were 15.2 

± 0.8 µM, 19.5 ± 0.9 µM, and 27 ± 1 µM, respectively, as shown in the external calibration 

curves in Figure 3-8.  When evaluated with a student’s t test (p > 0.05), these numbers 

were statistically the same as the concentrations reported by the manufacturer[54], which 

were 14.3 ± 0.3 µM, 20.7 ± 0.6 µM, and 29 ± 1 µM, for alpha-1-acid glycoprotein, alpha-

1-antitrypsin, and transferrin, respectively.  This demonstrated the advantage of 

separating the proteins based on size to enable superior resolution and accurate 

quantification of mixtures.   

 

 

 

 

 

 



86 
 

 

 

 

 

Figure 3-7. Separation of human serum using the free solution capillary electrophoresis 

(A) or sieving (B).  The most abundant proteins, alpha-1-acid glycoprotein (AGP), alpha-

1-antitrypsin (AAT), non IgG immunoglobulins (IgY), and transferrin (Tf) are separated to 

demonstrate better resolution and the ability to shift large molecules like immunoglobulins 

out of the separation window.  Using the free solution capillary electrophoresis, AGP, 

AAT, and Tf were quantified as 15.2 µM, 19.5 µM, and 27 µM, respectively.  Separation 

conditions are the same as Figure 3-3. 
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Figure 3-8 shows the external calibration curves used for quantifying alpha-1-acid 

glycoprotein (AGP), alpha-1-antitrypsin (AAT), and transferrin in human serum. The solid 

circles (•) are the standard points, while the open squares (□) represent the serum 

sample. 
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3.4.  Conclusions and Future Directions. 

Nanogels are an effective media for protein sieving in capillary electrophoresis.  The 

results from this report demonstrate the utility of 20, 25, and 30% nanogels to separate 

proteins with a molecular weight of 20.5 to 79.5 kDa, which range in size from 1.8 to 4.8 

nm radius.  The thermally responsive nanogels were easily replaced in the capillary by 

using temperature to switch between high and low viscosity.  Nanogels are a non-

denaturing media and are inexpensive, costing $0.04 per run[55,56].  The utility of a 

sieving based separation for serum proteins was demonstrated with an improved 

separation of human serum which enabled the accurate quantification of proteins that 

were previously unresolved. 

 

Following this demonstration of the utility of nanogel sieving for proteins additional studies 

are needed to further evaluate the material.  The apparent pore size of 20-30% nanogel 

matrices can be measured with a DNA size ladder by observing the transition from Ogston 

sieving to reptation, as this occurs when the size of the DNA approaches the apparent 

pore size of the medium.  Additionally, more precise size ladders, such as DNA between 

5-50 bp in length, which correspond to diameters of approximately 1.7 nm to 17 nm, will 

address issues related to aspherical geometries of some proteins.  Irregular shapes of 

non-denatured proteins lead to inaccurate protein sizing with sieving.  For example, when 

molecular weight is used to estimate the radii of alpha-1-antitrypsin and transferrin, the 

radii are 2.5 nm and 2.9 nm, respectively[41], but when the largest dimension of the actual 

measured sizes of these aspherical proteins are used, the radii increase to 3.9 nm and 

4.8 nm, respectively[48,49].  A final aim for expanding the applicability of these 

separations is to determine the compatibility of the nanogel with additives, such as sodium 

dodecyl sulfate, that are typically used to equalize the charge-to-size ratio.  A more 

detailed understanding of the nanogel performance will render the method applicable to 

a wide range of proteins. 
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Chapter 4: Future Directions 
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4.1 Introduction 

Phospholipid nanogels continuously prove to hold many advantages as separation 

materials.  The results discussed demonstrated the utility of the phospholipids for 

developing a hybrid coat capable of rapid, simultaneous separations of acidic and basic 

proteins without adsorption to the surface [1, 2].  The coating was stable through 

extensive flushing and showed no indication or protein adsorption after 6 consecutive 

injections of proteins with no flushing in between. A stable electroosmotic flow was 

generated regardless of the pH value tested between pH 4 and 9.  Furthermore, when 

the phospholipids are used at a composition suitable for nanogel, a size-based 

component was added to the preexisting charge-to-size ratio mechanism [3].   This allows 

for enhanced separation of samples in which the proteins possess similar charge-to-size 

ratios, like in human serum.   

 

The effort in this research can benefit many applications and can be expanded upon in 

the future.  Both materials can be utilized with an inexpensive barefused capillary and 

cost less than $0.10 per analysis.  Furthermore, the materials make modification of the 

capillary or development of a sieving matrix in capillary a simple process without requiring 

in capillary chemistry for covalent bonds or high pressure systems not required for 

aqueous solutions.  This improves the potential for the material to be adapted in other 

laboratories without extensive optimization.  While the development of hybrid coatings 

using the phospholipids is maturing rapidly thus allowing it to be extended to new 

applications, the phospholipid material as a sieving matrix for proteins still demands more 

expansion on the fundamental understanding as this was the first demonstration of this 

specific technique.  Currently, the Holland group is expanding on the coating research 

through altering the head group and utilizing the coating to generate electroosmotic flows 

compatible with mass spectrometry.  Future studies for the phospholipid sieving matrix 

will focus on the ability to tune the nanogel using temperature and concentration to 

analyze a wider range of proteins that can be applicable to pharmaceuticals. 
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4.2 Phospholipid use as coating material 

The development of hybrid coatings based on the phospholipids presents a new avenue 

for combining the high efficiency separations of proteins via capillary electrophoresis with 

the structure analysis of mass spectrometry.  The use of mass spectrometry for analysis 

of intact proteins is a growing field, with one review[4] citing that intact protein MS analysis 

methods are the most sought after techniques on the Consortium for Top-Down 

Proteomics[5].  In expansion of that research, many research groups are making great 

strides in not only analyzing in-tact proteins, but also analyzing proteins with the native 

structure[6-11].  Incorporating a separation into the analysis of intact and non-denatured 

proteins is a practical way to overcome some of the prior limitations with MS analysis, 

such as ionization suppression resulting from sample buffer and multiple proteins in a 

single sample[4,12,13].  As previously discussed, capillary electrophoresis is a powerful 

tool to meet this need, but coatings or other mechanisms to prevent protein adsorption 

are required.   Furthermore, the technique employed still needs to provide sufficient flow 

for coupling online to the mass spectrometer, which means a neutral surface is 

undesirable and would require pressure assisted flow.  This imposes laminar flow on the 

separation that will impair resolution.   

 

Phospholipid coatings in combination with surfactants possessing hydrophobic tails and 

charged headgroups, such as the cetyltrimethylammonium bromide (CTAB) utilized in 

these studies[1, 2], are ideal candidates to address this need.  Work is currently underway 

in the Holland group to develop other coatings using the study presented in this 

dissertation as a model.  These new coatings are being developed specifically to enable 

control over the electroosmotic flow across a range of pH values.  This will enable the 

analysis of proteins in native and non-native conditions without impacting the separation 

through adsorption or varying electroosmotic flow. 
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4.3 Phospholipid use as a protein separation matrix 

This report demonstrated the first use of the phospholipid nanogel for sieving proteins; 

however, there is still much more investigation into this application to be performed.  The 

optimization in the presented work[3] determined separation conditions appropriate for 

abundant non-immunoglobulin proteins, all of which are related to disease and potential 

biomarkers[14-16].  However, the versatility of the phospholipid material will allow the size 

range and resolution to be tuned to the protein range of interest through temperature and 

composition.  To achieve this, fundamental studies will be required to investigate pore 

size and gain a better insight into the morphology of the higher compositions of 

phospholipid that have not been as extensively studied.  This can be achieved in a 

manner similar to how it was performed previously for DNA[17, 18].   Of particular interest 

to the pharmaceutical field, the method should be adapted to analyze proteins of 100 kDa 

and larger, which will make the technique applicable to antibody aggregation studies 

commonly employed for monoclonal antibodies.  Furthermore, the phospholipid nanogel 

should be screened for compatibility with additives that will make it an even more 

attractive material for use in the pharmaceutical industry, such as surfactants, carrier 

ampholytes, etc.  
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Appendix 1 Supporting Experiments for Chapters 2 and 3 

 

 

 

 

 

 

Table A1-1. Effect of chain length on electroosmotic flow 

Electrophoretic Mobility x 10-4 cm2V-1s-1 

C16TAB Phospholipid C8TAB 

3.12 0.22 0.23 

Table A1-1 provided courtesy of Alyson Fulton and Courtney Kristoff 
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Figure A1-1.  Separation of transferrin, enolase, and lysozyme using 100 mM (top) and 

50 mM (bottom) ammonium acetate.  
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Figure A1-2. Identification of proteins in the separation of beta-lactoglobulin, alpha-1-

antitrypsin, and transferrin using 25% nanogel.  Trace A contains all three proteins, trace 

B contains alpha-1-antitrypsin and transferrin, and trace C contains beta-lactoglobulin 

and transferrin. 
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Appendix 2 Raw Data for Chapter 2 

 

 

 

 

Figure A2-1. Bare fused silica separation of lysozyme, ribonuclease A, enolase, 

transferrin, and alpha-1-antitrypsin 
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Figure A2-2. Separation of cations (lysozyme, ribonuclease A, and chymotrypsinogen) 

on phospholipid coated capillary. Only lysozyme has a high enough electrophoretic 

mobility to migrate within the given time frame with the suppressed electroosmotic flow. 
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Figure A2-3. Labeled raw data for study of CTAB Concentration on EOF 500 µm, 300 

µm, 100 µm and 50 µm at bottom 
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Figure A2-3. Raw data to show impact of increased background electrolyte flushing on 

phospholipid CTAB coating 
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Figure A2-4.  Consecutive injections of AAT, neutral marker, and lysozyme without 

flushing n = 6 
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Figure A2-5. CTAB raw data for 10 cm efficiency study and comparison of short end 

CTAB to short end lipid tables 
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Figure A2-6. pH 4 Separation of protein standards and neutral marker on phospholipid-

CTAB coated capillary n=10 
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Figure A2-7.  pH 5 Separation of protein standards and neutral marker on phospholipid-

CTAB coated capillary n=10 
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Figure A2-8.  pH 6 Separation of protein standards and neutral marker on phospholipid-

CTAB coated capillary n=10 
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Figure A2-9.  pH 7 Separation of protein standards and neutral marker on phospholipid-

CTAB coated capillary n=10 
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Figure A2-10.  pH 8 Separation of protein standards and neutral marker on 

phospholipid-CTAB coated capillary n=10 
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Figure A2-11. pH 9 CTAB raw data for plate count, eph mobility, and eof measurement 
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Appendix 3 Raw Data for Chapter 3 

 

 

 

 

 

Figure A3-1. Non-sieving separation of trypsin inhibitior, alpha-1-antitrypsin, and 

transferring using a phospholipid coated capillary. 
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Figure A3-2. Separation of trypsin inhibitior, alpha-1-antitrypsin, and transferring using a 

phospholipid coated capillary and 10% nanogel. 
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Figure A3-3. Separation of trypsin inhibitior, alpha-1-antitrypsin, and transferring using a 

phospholipid coated capillary and 20% nanogel. 
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Figure A3-4. Separation of trypsin inhibitior, alpha-1-antitrypsin, and transferring using a 

phospholipid coated capillary and 25% nanogel. 
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Figure A3-5. Separation of trypsin inhibitior, alpha-1-antitrypsin, and transferring using a 

phospholipid coated capillary and 30% nanogel. 
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Figure A3-6. Separation of human serum proteins using a phospholipid coated capillary 

and no nanogel. 
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Figure A3-7. Separation of human serum proteins using a phospholipid coated capillary 

and 25% nanogel. 
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