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Abstract 

 Capillary electrophoresis (CE) is a fast and high efficiency separation 

technique based on the differential migration of charged species in an electric 

field. CE is useful for the separation of a wide range of analytes from small ions 

to large biomolecules. However, CE separations of proteins are challenging due to 

the adsorption of protein onto the capillary silica surface. Capillary coatings are 

the most common way to minimize this adsorption. This thesis focuses on the use 

of two-tailed cationic surfactant based coatings as means of preventing protein 

adsorption.  

  Factors affecting the stability of two-tailed cationic surfactant coatings 

have been investigated. The impact of small i.d. capillaries (5-25) µm on 

enhanced stability of surfactant bilayer cationic coatings and on the efficiency of 

separation of basic proteins was studied. Using a dioctadecyldimethylammonium 

bromide (DODAB) coated 5 µm i.d capillary, exceptional short term stability 

(210 consecutive runs) and long term stability (300 runs over a 30 day period) 

were achieved. The average separation efficiency of four basic model proteins 

was 1.4-2 millions plates/m. DODAB coatings were stable over a pH range of 3-8 

as demonstrated by strong anodic magnitude of electroosmotic flow (EOF) and 

good EOF reproducibility. Surprisingly, at pH ≥ 9, EOF became less anodic and 

even became suppressed cathodic. The reason is unclear. Chemical degradation of 

DODAB at high pH was excluded. Increased vesicle size at high pH and/or 

accelerated desorption may be involved.    
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A surfactant bilayer/diblock copolymer coating was developed to tune the 

EOF and prevent protein adsorption. The coating consisted of a DODAB bilayer 

which served as a strong anchor to the capillary wall and polyoxyethylene (POE) 

stearate to suppress the EOF. The coating has been applied successfully to the 

capillary zone electrophoretic separation of basic, acidic and histone proteins, and 

to capillary isoelectric focusing. The ability to tune the EOF enabled both single-

step capillary isoelectric focusing (cIEF) and two-step cIEF to be performed. A 

strongly suppressed EOF coating provided a linear pH gradient and allowed for 

the separation of two hemoglobin variants HbA and HbS. Factors affecting the 

stability and EOF of the developed surfactant bilayer/diblock copolymer coating 

were studied. The magnitude of the anodic EOF can be tuned by varying the 

hydrophilic block POE chain length. The hydrophobic block of the diblock 

copolymer accounts for stability of the coating, with a longer (stearate) block 

giving the best stability. The sequential coating provided a stable and suppressed 

EOF over a broad range of pH 3.0-11.5. The EOF was suppressed and anodic at 

low pH. As the pH increases, the EOF was still suppressed but became cathodic. 

This reversal in EOF of the sequential coating is consistent with the reported 

applications of the sequential coating, and the behavior of the underlying DODAB 

bilayer. The sequential coating shows a good stability in buffers containing up to 

20% v/v acetonitrile. 
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Chapter One: Introduction 

1.1 History 

 Electrophoresis is the differential movement of charged species in the 

presence of an electric field. Many biological molecules such as enzymes and 

proteins display electrophoretic characteristics [1]. In 1937, Tiselius introduced 

electrophoresis as a separation technique when he separated a mixture of serum 

proteins using a quartz tube filled with buffer solution [2]. Sample components 

migrated into broad, partially resolved bands according to their charge and size to 

the electrode of opposite charge. He was awarded the Nobel Prize in chemistry in 

1948 for this work. The “moving boundary electrophoresis” separation technique 

performed by Tiselius was limited by Joule heating. Joule heating is the heat 

generated due to passage of current in a solution. The resultant thermal 

convection limited the separation efficiency and resulted in incomplete separation 

of the analytes. For this reason, anti-convective media like polyacrylamide or 

agarose gel has been used to perform electrophoresis. In 1959, Raymond and 

Weintraub used polyacrylamide gels for the separation of proteins [3]. Although 

these gels effectively reduced thermal convection, they still resulted in some 

limitations. To avoid gel degradation, only hundreds of volts could be applied, 

which resulted in long analysis times and low efficiencies. Other limitations and 

technical problems of gel electrophoresis include gel preparation, sample loading, 

poor reproducibility and gel staining. 
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 In 1967, Hjerten took the initial step towards open tubular electrophoresis. 

He used a 3 mm diameter gel-free quartz tube to separate inorganic ions [4]. The 

tube was rotated to reduce thermal convection. In the 1970s, Virtanen performed 

electrophoresis in 200 m inner diameter (i.d.) glass capillary which reduced 

convection problems [5]. Mikkers et al. used 200 m i.d. capillary to reduce 

dispersion caused by thermal convection [6]. The potential of electrophoresis as a 

separation technique was fully realized when Jorgenson and Lukacs used 

narrower 75 m i.d. capillaries [7]. The use of a smaller capillary i.d. greatly 

advanced the technique by eliminating the need to use gel as anti-convective 

media. The high surface to volume ratio of narrow i.d. capillaries allows rapid and 

efficient heat dissipation and reduces Joule heating to a negligible level. In turn, 

this allows the application of voltages up to 30 kV, resulting in fast analysis times 

and high separation efficiencies.  

 Since then, CE has become a popular and efficient technique for the 

separation of a wide range of analytes - from small ions to large biomolecules. 

The most prominent achievement for CE as a separation technique was the 

sequencing of DNA in the human genome project [8]. The applications of CE 

have expanded to include proteomics [9], metabolomics [10], pharmaceutical 

analysis [11], biological analysis [12], forensics [13] and food analysis [14]. 

1.2 Modes of Capillary Electrophoresis 

 Capillary electrophoresis is a highly versatile technique. It can be operated 

under many different formats or modes. These different modes utilize different 
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mechanisms of separation which provide orthogonal and complementary 

information. Many two-dimensional capillary electrophoresis (2D-CE) 

applications are based on the integration of different modes of CE [15, 16].  

1.2.1 Capillary Zone Electrophoresis (CZE) 

 CZE is the most widely used CE mode due to its simplicity and versatility. 

The separation is based on the differential migration of charged analyte species in 

a capillary filled only with a buffer solution (also called background electrolyte, 

BGE). Thus the technique can also be called free-solution electrophoresis. The 

separated analyte species move inside the capillary in discrete zones according to 

their charge/size ratios. The technique can be used to separate a wide range of 

analytes including inorganic ions, carbohydrates, peptides and proteins. Due to its 

popularity, CZE will be the main focus of this chapter.  

1.2.2 Electrokinetic Chromatography (EKC) 

One drawback of CZE (Section 1.2.1) is that it cannot separate neutral 

molecules, as their charge is zero. EKC is as an electrophoretic mode which 

enables the separation of neutral molecules [17]. As its name suggests, EKC is a 

hybrid of electrophoresis and chromatography. An ionic pseudo-stationary phase 

in the running buffer (e.g. micelle, vesicle, microemulsions, etc.) interacts with 

solutes in a  chromatographic manner. A neutral species partitions in and out of 

the micelle and gains an apparent electrophoretic mobility due to the mobility of 

the ionic micelle. The differential interaction between neutral species with the 

pseudo-stationary phase  enables their separation.  
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1.2.3 Capillary Isoelectric Focusing (cIEF) 

 cIEF is a special high resolution mode of capillary electrophoresis used for 

the separation of amphoteric compounds such as protein isoforms [18]. A 

capillary is filled with a mixture of proteins and carrier ampholytes, a mixture of 

amphoteric compounds with variable pIs and possessing a good buffering 

capacity. Upon application of a high electric field across the capillary, a pH 

gradient is established along the length of the capillary due to migration of the 

ampholytes to their isoelectric point (pI). The charge of the protein decreases as it 

moves along the pH gradient until the protein reaches a region where the pH 

matches its pI and its mobility becomes zero. Thus, amphoteric sample 

components are focused at different points along the capillary according to their 

pI. cIEF can be used for the separation of proteins variants, determination of 

impurities within therapeutic proteins and determination of the isoelectric point of 

proteins [19]. cIEF will be the focus of Chapter Four in this thesis. A more 

detailed description of cIEF is deferred until then. 

1.2.4 Capillary Gel Electrophoresis (CGE) 

 Macromolecules such as sodium dodecyl sulfate (SDS)-saturated proteins 

and DNA possess constant mass/charge ratios. As such, they exhibit a constant 

mobility under CZE conditions and elute in a single peak. To separate such 

molecules based on size, CGE adds a sieving matrix to the separation medium. 

Traditionally, polyacrylamide or agarose have been used as molecular sieving 

matrices to perform CGE [20]. The capillary format offers several advantages to 

CGE over the traditional slab gel format. The capillary format allows application 
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of higher voltages, faster separations, online detection and ease of automation. 

CGE has been applied to SDS- protein separations [20] and DNA separations  

[21].  CGE is not explored in this thesis. 

1.2.5 Capillary Isotachophoresis (CITP) 

 CITP is a moving boundary electrophoresis where the separated analyte 

zones move at constant velocity between two electrolytes. The leading electrolyte 

has the highest effective mobility and the terminating electrolyte has the lowest 

effective mobility. Once an electric field is applied, the leading ion moves the 

fastest followed by adjacent zones of the analyte ions in decreasing order of their 

effective mobilities and latest comes the terminating ion. CITP has been used as 

an effective pre-concentration tool prior to CE separations e.g. CITP-CZE. This is 

useful for enhanced detection sensitivity, enhanced limit of detection and sample 

cleanup [22]. CITP is not studied in this thesis, and so will not be discussed 

further. 

1.2.6 Capillary Electrochromatography (CEC) 

 Capillary electrochromatography (CEC) combines the high separation 

efficiency of CZE and the variety of parameters that can be manipulated in HPLC, 

particularly the selection of stationary phase. CEC utilizes an electric field rather 

than a pressure pump resulting in high efficiency separations due to the flat flow 

profile of electroosmotic flow (EOF). Since, there is no pressure drop, smaller 

particles can be used for packing, resulting in higher efficiency. The dual 

separation mechanism of partitioning and electrophoretic migration can offer 
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unique selectivities. However, the technique also suffers from some limitations. A 

minor change in the pH or ionic strength can alter the EOF which affects 

reproducibility of the technique. Joule heating affects the viscosity of the mobile 

phase and the partitioning of the analyte. In addition, bubble formation in the 

capillary leads to current breakdown and reduced flow [23]. CEC will not be 

discussed further in this thesis. 

1.3 Fundamentals of CE 

1.3.1 Instrumentation 

 The basic components of a CE instrument are shown in Figure 1.1. A CE 

instrument consists of a separation capillary, two buffer vials into which the two 

capillary ends are placed, a sample vial, a high voltage power supply, an online 

detection system and a data analysis system [24, 25]. Capillaries are mostly made 

of fused silica with an outer protective polyimide coating to enhance their strength 

and flexibility. Typically capillaries with i.d of 25-75 µm and lengths of 20-100 

cm are used. An efficient cooling system either air-based or coolant-based is 

needed to thermostat the capillary. The high voltage power supply is capable of 

delivering up to 30 kV. The stability of the power supply is important for 

reproducibility of migration times. The polarity can be switched in order to 

facilitate the analysis of positively charged or negatively charged analytes or 

mixture of both analytes. 

 To perform a separation, the bare fused silica capillary is preconditioned 

with NaOH to deprotonate silanols on the fused silica surface, followed by water  
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Figure 1.1: Schematic of capillary electrophoresis instrumentation. 
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and then the separation buffer. The inlet end of the buffer-filled capillary is placed 

into the sample vial and a small plug (a few nanoliters) of sample is injected into 

the capillary either by applying a voltage (electrokinetic injection) or a pressure 

(hydrodynamic injection). For electrokinetic injection, the amount of sample 

injected is dependent on both the electroosmotic flow (EOF) and electrophoretic 

mobility of the analyte. This dependence on the EOF may result in poor 

reproducibility of the electrokinetic injection. The dependence on the 

electrophoretic mobility results in biasing of the amount of each analyte injected 

due to the difference in their electrophoretic mobilities. Thus, hydrodynamic 

injection is the preferred method of injection as it is independent on the EOF and 

electrophoretic mobilities of the analytes [25]. Hydrodynamic injection is 

performed by applying a pressure at the injection end or a vacuum at the detection 

end of the capillary. The injected sample volume can be calculated using the 

Poiseuille Equation [24, 25]: 

 

t

inj
2

t

inj
4

L128
Ptd

L8
Ptr

Volume








   (1.1) 

where P  is the applied pressure across the capillary in pascals (Pa), r is the 

capillary inner radius, d is the capillary inner diameter in meters, tinj is the 

injection time in seconds, η is the viscosity of the sample solution (Pas), and Lt is 

the total length of the capillary in meters. 

 After the sample injection, the capillary inlet is placed back into the inlet 

buffer vial and a high voltage is applied across the capillary through two platinum 



9 

electrodes inserted into the two buffer vials (configuration shown in Figure 1.1). 

The EOF results in bulk flow of the solution inside the capillary. The charged 

sample components also possess electrophoretic mobilities related to their 

charge/size ratios and thus can be separated. The separated analytes pass through 

an optical window created by removing the polyimide coating near the capillary 

outlet and thus are detected on-capillary.  

 Detection methods for CE include UV-Vis absorbance, fluorescence and 

electrochemical measurements [26]. Optical detection methods are more common, 

with UV-Vis absorption detection being most common. The absorbance 

measurement is governed by Beer-Lambert’s law [27]: 

 log (Po /Pt) = A = ε bC (1.2) 

where Po is the intensity of the light in the absence of absorption, Pt is the 

intensity of light transmitted by the solution, A is the absorbance, ε is the molar 

absorptivity of the analyte, b is the detection pathlength and C is the concentration 

of the analyte. One of the main drawbacks of UV-VIS detection is the low 

sensitivity since the pathlength is defined by the capillary inner diameter. Limits 

of detection range from 10-5 to 10-8 M. The use of larger capillary i.d. to enhance 

the sensitivity increases Joule heating due to the decrease in the surface–volume 

ratio. Some capillary modifications have been used to increase the pathlength at 

the detection zone like Z-type [28, 29] and bubble cells [29, 30]. The use of a Z-

cell greatly enhance the optical pathlength, however it results in increased band 

broadening and limited resolution [28]. In addition, the increased noise level 
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partly offsets the signal gain from the pathlength extension [29]. The bubble cell 

offers a 3-5 fold increase in sensitivity with minimal loss in resolution as long as 

the slit length of the detection window is reduced appropriately [29].  

 In this work, two commercially available CE instruments have been used. 

First, the P/ACE 5500 system (Beckman Instruments, Fullerton, CA, USA) 

equipped with a UV absorbance detector was used in Chapter Three. The optical 

window was 7 cm from the capillary outlet end. A liquid coolant system was used 

to thermostat the capillary. Second, a Hewlett Packard 3DCE instrument (now sold 

by Agilent) equipped with a photodiode array detector was used in Chapters 2, 4, 

5 and 6. The optical window was made 8.5 cm from the capillary outlet end. An 

air cooling system is used to thermostat the capillary. 

1.3.2 Electroosmotic flow (EOF) 

 EOF is the bulk flow of the solution inside the capillary under the 

influence of an applied electric field as a result of the surface charge on the inner 

surface of the capillary. The silanol groups (SiOH) on the inner surface of the 

capillary are weakly acidic with a pKa value of 5.3 [31]. At low pH, the ionization 

of the surface silanol groups is suppressed and the electroosmotic flow 

approaches zero. Increasing the pH deprotonates the silanol groups and results in 

higher EOF.  

 The driving force of EOF is the negative charge on the inner surface of 

fused silica capillaries. The positive counterions in the liquid phase will 

compensate the negative charge of the wall so that an electrical double layer is 
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created at the solid-liquid interface. To understand the origin of EOF, we need to 

have a look into the electrical double layer formed at the capillary surface in 

contact with a buffer solution (Figure 1.2). The electrical double layer consists of 

an immobilized compact inner layer and an outer mobile diffuse layer [32]. The 

inner layer is called the Stern layer or Helmholtz layer. The Helmholtz layer is 

divided into two sublayers. The first one extends from the negatively charged 

capillary wall to the inner Helmholtz plane (IHP) which is defined by the center 

of the non-solvated cations that are strongly bound to the capillary surface. The 

second sublayer extends from the IHP to the outer Helmholtz plane (OHP) which 

is defined by the centre of the immobilized solvated counter ions that are 

electrostatically adsorbed to the capillary wall. The plane of shear is formed at the 

outer edge of the Stern compact layer (i.e. slightly behind the OHP). Any ions 

within the plane of shear are stationary. Beyond the plane of shear is the diffuse 

double layer.  

 Figure 1.2 shows also the potential profile as a function of the distance 

from the capillary surface. The potential at the capillary wall is Ψ0.  The potential 

decreases linearly through the Stern layer. But the counter ions in the compact 

Stern layer do not fully neutralize the negative charge on the capillary surface, 

and so the potential  at the outer Helmholtz plane (ΨOHP) is still negative. The 

excess negative charge at the plane of shear is compensated by the excessive 

positive charge in the diffuse double layer that extends to the bulk solution. Thus 

beyond the OHP, the potential decreases in magnitude exponentially through the 

diffuse layer until it becomes zero in the bulk solution. The potential at the plane  
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Figure 1.2: Schematic of the electric double layer and the potential profile as a 
function of distance from the capillary wall.  Adapted from reference [32]. 
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of shear is called the zeta potential ( ζ ), a term commonly associated with the 

electrical double layer and related to the EOF mobility.  

 When an electric field is applied across the bare capillary, the cations 

within the diffuse double layer are drawn towards the cathode. As these cations 

are solvated, they drag the bulk movement of the solution inside the capillary 

towards the cathode. The magnitude of the EOF can be described by the von 

Smoluchowski equation [33, 34]:    

 


eof  (1.3) 

where eof is the EOF mobility,   is the dielectric constant of the solution, ζ   is 

the zeta potential and η is the viscosity. A higher pH results in greater 

deprotonation of the silanols which yields a higher negative charge on the 

capillary wall (Ψ0), and hence a larger zeta potential and a higher EOF. A higher 

ionic strength of the buffer compresses the electrical double layer, decreases the 

zeta potential and hence decreases the EOF. The relationship between the ionic 

strength and electrical double layer thickness (  -1) is obtained from the following 

equation [33]:  

  (1.4) 

where F is the Faraday constant,   is the dielectric constant of the solvent, Rg is 

the universal gas constant, T is the temperature in Kelvin, and Is is the ionic 

strength of the bulk solution. The double layer thickness for an aqueous solution 
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of a uni-univalent electrolyte ranges from approximately 10 nm for a dilute bulk 

solution (0.001 mM) to 1 nm for a concentrated electrolyte solution (100 mM) 

[35]. 

 EOF can be considered as an electric field-driven pump analogous to the 

mechanical pump used in HPLC. A unique feature of EOF is the flat flow profile 

(Figure 1.3) as the negative charge is uniformly distributed along the capillary 

wall. Since the EOF is generated along the entire capillary length and there is no 

pressure drop, a uniform velocity and flat flow profile exists across the capillary 

diameter except for very close (< 100 nm) to the wall where the velocity 

approaches zero. This flat flow profile minimizes band broadening, increases peak 

efficiency and improves the resolution. The flat flow profile of EOF is 

independent of the capillary i.d. as long as the capillary i.d. is 10-50 times greater 

than the double layer thickness [36]. On the other hand, the mechanical pump in 

HPLC results in a laminar or parabolic flow (Figure 1.3) due to the pressure drop 

across the separation column as a result of the shear force at the wall. In turn, this 

result in increased band broadening and decreased peak efficiency compared to 

CE.  

 In the presence of an applied electric field, a neutral compound will 

migrate across the capillary only driven by EOF. Thus, a neutral compound (also 

called a neutral marker) can be used to measure the magnitude of the EOF.  

Examples of neutral markers include benzyl alcohol (detection , 214 nm ) or    
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Figure 1.3: Comparison of EOF and pressure driven flow profiles and 
corresponding peak shapes. Adapted from reference [25]. 
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mesityl oxide (detection , 254 nm). For on-capillary detection as used in this 

thesis, the EOF can be calculated as: 

 
EOF

td
eof Vt

LL
  (1.5) 

where Lt and Ld are the total length of the capillary and the capillary length to the 

detector, respectively, V is the voltage applied, and tEOF is the migration time of 

the neutral marker. 

1.3.3 Electrophoretic and apparent mobilities 

The velocity of a charged particle is dependent upon the applied electric 

field as well as its inherent electrophoretic mobility. 

 v= μe E (1.6) 

where v is the velocity of the ion,  μe is the electrophoretic mobility and E is the 

applied electric field (V /cm). The electrophoretic mobility of an ionic species in a 

given medium is a constant inherent property of this ion. This mobility is 

governed by the electric force that the molecule experiences, balanced by its 

frictional drag through the medium [24, 25]. The electrical force (FE) is given by: 

 FE =qE (1.7) 

where q is the charge of the ion. As the ion begins to move under the influence of 

this electric force, it experiences a frictional force in the opposite direction to its 
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motion due to the frictional drag of the solvent. The frictional force (FF) on a 

spherical ion is given by:  

 FF= −6πηrhv (1.8) 

where η is the solution viscosity, rh is the hydrated radius of the ion and v is its 

velocity. When a steady state is reached during the electrophoretic process, the 

driving electric force and the retarding frictional force are balanced. 

 qE=6πηrhv (1.9) 

By rearranging and substituting Equation 1.6 into Equation 1.9, the Hückel 

equation for the electrophoretic mobility of a spherical ion is obtained [25]: 

 μe=q/6πηrh (1.10) 

 Based on this equation, ions with a high charge and a small hydrodynamic 

radius will have high mobilities. The separation mechanism in CZE is based on 

the difference in the electrophoretic mobilities which results from different charge 

/size ratios of the analyte ions. However, the Hückel equation, assuming a 

spherical molecule, is not an accurate predictor of electrophoretic mobility [37]. 

Empirical expressions possessing dependences on molecular volume to a power 

other than the -1/3 suggested by the Hückel equation are better predictors of 

electrophoretic mobilities [37]. 
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 When an electric field is applied in capillary electrophoresis, a charged ion 

migrates under the influence of both its electrophoretic mobility and the EOF. 

Therefore, the apparent mobility (μapp) of an ion is given by [25]: 

 μapp = μe + μEOF  (1.11) 

The apparent mobility of an ion in the presence of an electric field can be 

calculated using the following equation: 

 
M

td
app Vt

LL
  (1.12) 

where Lt, Ld and V are defined as above for Equation 1.5, and tM is the migration 

time of the analyte. 

The effective electrophoretic mobility of an ionic species can be calculated 

experimentally from the migration time of the ion tM and the migration time of a 

neutral marker tEOF using:  

  (1.13) 

 Figure 1.4 shows an idealized separation of a mixture of anions, cations 

and neutral species under the influence of an electric field in a bare fused silica 

capillary. All neutral species do not posses electrophoretic mobility and migrate  

only driven by EOF. Thus, all neutrals are co-eluted as a single peak with a 

migration time of tEOF that can be used to calculate the magnitude of EOF. 

Cationic species have their electrophoretic mobilities in the same direction
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Figure 1.4: Migration order within a capillary under an applied electric field and 
the resultant electropherogram. 
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of  EOF (co-EOF, towards the detector in Figure 1.1) and so they migrate ahead 

of the EOF peak. Anionic species have their electrophoretic mobilities in opposite 

direction to the EOF (counter EOF) but the magnitude of EOF of a bare capillary 

is strong enough to sweep these anionic species toward the detector. As a result, 

the anionic peaks will migrate after the EOF peak. If the electrophoretic mobility 

of an anion (e.g., Cl- and SO4
2-) is greater than the magnitude of the EOF, this 

anion will migrate towards the anode in the direction opposite to the detector and 

no peaks will be detected for this anion.   

1.4 Band broadening in CE 

 Band broadening in CE is the result of multiple dispersive processes that 

occur during the electrophoretic separation. An important measure of the band 

broadening is the separation efficiency. It measures how narrow is the peak and is 

expressed in the number of theoretical plates (N) as follows: 

 2
tot

2
dLN


  (1.14) 

where Ld is the capillary length to the detector and 2
tot  is the total peak variance. 

N can be calculated experimentally using: 
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where tM   is the migration time of the peak and w1/2 is the peak width at its half 

height.  
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 Resolution is a quantitative measure of how well two components are 

separated. Thus, resolution can be related to the peak standard deviations by the 

following equation: 
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  (1.16) 

where
1Mt  and 

2Mt  are the migration times of two adjacent peaks numbered 1 and 

2, σ1 and σ2 are their standard deviations. Two peaks are considered to be baseline 

resolved when Rs  ≥ 1.5. For a Gaussian peak, the baseline peak width bw  equals 

four times the standard deviation of the peak σ. Thus, resolution can be calculated 

from the difference in migration times of two peaks relative to their peak widths 

according to the following equation: 
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where 
1bw  and 

2bw  are the baseline peak widths. The relationship between the 

resolution and the number of theoretical plates (N) in CE is: 

 N
4
1R

app.avg

app
s




  (1.18) 

where Δμapp is the difference in the apparent electrophoretic mobilities of the two 

components and μavg.app is the average of their apparent electrophoretic mobilities.  

Equation 1.18 shows that the resolution Rs is directly proportional to the square 
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root of the separation efficiency N. Thus, it is important to minimize band 

broadening to enhance the separation efficiencies and hence the resolution. Under 

ideal conditions in CE, longitudinal diffusion is the fundamental source of band 

broadening. In a real system, other sources of band broadening may exist, such 

that the total peak variance ( 2
tot )  is: 

  2
ads

2
det

2
inj

2
EMD

2
temp

2
diff

2
tot   (1.19) 

where 2
diff  is the variance due to longitudinal diffusion band broadening, 2

temp  is 

temperature induced band broadening, 2
EMD  is electromigration dispersion band 

broadening, 2
inj  is the injection band broadening, 2

det  is the detector band 

broadening and 2
ads  is solute wall adsorption band broadening. A brief discussion 

of these sources of band broadening with a greater focus on solute wall adsorption 

band broadening will be presented in the following sections. 

1.4.1 Longitudinal diffusion 

 Under ideal electrophoretic separation, longitudinal diffusion is the sole 

source of band broadening in CE. Longitudinal diffusion is the spreading of the 

analyte along the capillary axis as a result of a concentration gradient. This 

spreading results in a Gaussian peak with the highest concentration at the centre 

and its width is determined by extent of diffusion that occurs [38]. The variance 

caused by the longitudinal diffusion can be described by: 
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 where D is the diffusion coefficient of the analyte and Mt is the migration time of 

the analyte. According to Equation 1.20, a large diffusion coefficient and a longer 

migration time result in broader peaks. Large molecules such as proteins have 

small diffusion coefficients and experience less longitudinal diffusion than 

smaller molecules. The use of higher electric field decreases the time spent by the 

analyte in the capillary (tM) and thus decreases longitudinal diffusion band 

broadening. However, the high voltage approach is limited by Joule heating 

(Section 1.4.2). 

Substitution of Equation 1.20 into Equation 1.14 gives an expression of N 

in terms of the applied voltage: 

 
t

dapp
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  N


  (1.21) 

The separation efficiency is directly proportional to the applied voltage. N 

in the above equation represents the maximum theoretical efficiency that can be 

achieved during an electrophoretic separation assuming that longitudinal diffusion 

is the sole contributor to band broadening. In a real system, the experimental N 

will be lower than that described in Equation 1.21 due to other sources of band 

broadening (Equation 1.19). 
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1.4.2 Joule heating 

 As described above, the use of a higher field strength is advantageous for 

separation. A higher voltage reduces the separation time, reduces longitudinal 

diffusion band broadening due to decreased time spent in the capillary (Equation 

1.20) and increases the separation efficiency (Equation 1.21). However, the 

voltage applied may be limited by Joule heating which is a contributor to band 

broadening. Joule heating results from the heat generated by the passage of an 

electric current (I) through a solution when a potential difference is applied. Joule 

heating can be explained using Ohm’s law as follows: 

 V = IR (1.22) 

 

which can be also expressed as: 

 P =  I2R (1.23) 

 

where V is the voltage across the capillary, I is the electrical current, R is the 

resistance to the current flow and P is the applied power. When the heat 

generation exceeds the heat dissipation through the capillary wall, the temperature 

will increase at the capillary center at a higher rate compared to the capillary wall. 

The presence of a temperature gradient (radial temperature difference) in the BGE 

results in viscosity differences across the capillary. Analytes move faster in the 

warmer, lower viscosity zone near the axis of the capillary than in the cooler 
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zones near the capillary wall. This results in a parabolic electrophoretic mobility 

profile and increased band broadening. 

Ohm’s plots (current vs. voltage) are commonly used to monitor Joule 

heating. The voltage at which the curve shows positive deviation from linearity is 

designated the maximum operating potential after which Joule heating will occur. 

An efficient cooling system is required to thermostat the capillary. This is 

important for consistent migration times and minimal Joule heating. 

 The variance caused by thermal gradient can be expressed as [39]: 

 2
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where r is the capillary radius, E is the applied electric field, κ is the electric 

conductivity of BGE, ΩT is the temperature coefficient for electrophoretic 

mobilities, μapp is the apparent mobility, tM is the migration time, D is the 

diffusion coefficient and kb is the Boltzmann constant. From Equation 1.24, the 

use of a narrower capillary, a lower applied electric field or a lower conductivity 

buffer will reduce Joule heating band broadening. 

1.4.3 Electromigration dispersion 

 Electromigration dispersion (EMD) occurs when there is a significant                 

mismatch between the conductivity of the sample zone and the surrounding  

buffer. Figure 1.5.a shows an example for a sample with a higher conductivity 

compared to the surrounding buffer. A sample with higher mobility than the 

surrounding buffer will experience higher conductivity and a lower electric field  
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Figure 1.5: Schematic of Electromigration Dispersion (EMD) as a result of 
mismatched conductivity between the sample zone and the buffer. Adapted from 
reference [25].   
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strength. Ions in the sample zone move at lower velocity because the electric field 

is low. When the ions diffuse out of the sample zone to the surrounding buffer at 

left, they encounter a higher electric field strength and accelerate back into the 

sample zone – thus keeping the trailing edge of the peak sharp. Sample ions that 

diffuse out of the sample zone to the buffer at the right of Figure 1.5.a will 

encounter a higher electric field strength and accelerate in the direction of 

migration away from sample zone resulting in broad front. Alternately, a sample 

zone with lower conductivity than the surrounding buffer will experience a higher 

electric field strength. This results in a sharp front and broad trailing edge (Figure 

1.5.c). A matched conductivity between the sample zone and the buffer (Figure 

1.5.b) results in neither fronting nor tailing of the sample zone. EMD can be 

minimized by decreasing the field strength, injection length, sample 

concentration, and the  mobility difference between the sample and buffer co-

ions, or by increasing the buffer concentration [40, 41]. 

1.4.4 Injector band broadening 

 A large injection plug can cause band broadening. The variance caused by 

a rectangular injection plug can be expressed as [42]: 

 
12
l

12
V 2

inj
2
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2

inj  (1.26) 

where 2
injV is the volume injected in cm3 and 2

injl  is the length of the injected 

sample zone in cm. Thus, it is important to minimize the injection length to 

enhance separation efficiency. However, detection limit difficulties may 
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necessitate longer injection plugs. An ideal injection plug length should be less 

than the standard deviation caused by longitudinal diffusion, (2DtM)½ [25]. 

Assuming that injection does not decrease efficiency by more than 10 %, the 

maximum length of an injection plug is given by [43-45]: 

 Minj Dt4.2l   (1.27) 

where injl  is the length of the sample plug and D is the diffusion coefficient. It is 

clear from Equation 1.27 that injection plug length band broadening affects large 

molecules (lower diffusion coefficients) and fast migrating peaks (shorter 

migration times) the most. 

1.4.5 Detector band broadening  

 Online UV-visible detection is the most commonly used method of 

detection in CE and it has been used throughout this thesis. An optical detection 

window can be created by burning off the polyimide coating near the capillary 

outlet end. The length of the detection window is set by the cartridge aperture. 

Detector band broadening can be significant when the length of the sample zone 

is comparable to the length of detection window [44]. The variance resulting from 

detector band broadening can be expressed as:  
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where ldet is the length of the detection window. Broadening due to detection can 

be reduced by reducing the slit aperture but this may be limited if the radiant 

power reaching the detector becomes low enough to increase the detector noise 

[46]. The maximum length of the detection window that does not decrease 

efficiency by more than 10% is given by: 

 Mdet Dt4.2l   (1.29) 

For a large molecule like a protein with a diffusion coefficient of 1× 10-6 cm2/s, 

the maximum detection window is 380 µm when tM is 10 min and 273 µm when 

tM is 5 min. All work in this thesis was carried out with a cartridge aperture (slit 

width) of 200 µm. 

 Another source of band broadening that is related to detection is the speed 

of the detector electronics. The detector rise time (the time required for the 

detector output to increase from 10% to 90%) should be minimal to guarantee a 

sufficiently quick response to not broaden the peak. However, too fast of a rise 

time can lead to increased baseline noise. The maximum detector rise time that 

does not decrease efficiency by more than 10% is given by [44]: 
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3
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max,rise   (1.30) 

 In addition, the data acquisition rate (Hz) should be fast enough to yield an 

actual representation of the peak, i.e. must sample the detector signal rapidly to 
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have enough data points so as to not distort the peak shape, height or area [47]. A 

good guideline is to acquire roughly 10 data points across one peak width at half 

height [47]. 

1.4.6 Solute-wall interaction 

Adsorption of an analyte onto the capillary wall causes band broadening 

and deteriorates the separation efficiency. This adsorption introduces a 

chromatographic like retention and C-term band broadening which decreases the 

inherent high efficiency of CE. Analytes adsorb to the capillary wall through 

different mechanisms including electrostatic interactions with the negatively 

charged silanol groups, hydrogen bonding with protonated silanol groups and 

hydrophobic interactions [48]. The variance due to adsorption onto the capillary 

wall is given by [49]: 
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where K  is the equilibrium distribution coefficient of the analyte between the wall 

and the solution, r is the capillary radius, D is the diffusion coefficient, kd is the 

desorption rate constant, v is the migration velocity of the analyte and t is the 

migration time of the analyte. The first term in the bracket on the right-hand side 

in Equation 1.31 is the broadening arising from the radial diffusion of the analyte 

to the capillary wall and the second term arises from the slow desorption kinetics. 

Extremely slow desorption kinetics can cause irreversible adsorption and total 

loss of the analyte.  
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 The equilibrium distribution coefficient of the analyte is given by : 

   .k
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m
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where ns and nm are the number of analyte moles in the stationary and mobile 

phases, Vs and Vm are the volumes of the stationary and mobile phases, k is 

retention factor of the analyte and   is the phase ratio. Both terms in Equation 

1.31 are dependent on the equilibrium distribution coefficient and consequently 

the retention factor. Green and Jorgenson found that k values as low as 0.05 can 

decrease plate numbers for protein separations by 20 fold [50]. A decrease in the 

capillary i.d. increases the capillary surface/volume ratio resulting in lower  ,  

higher k and increased adsorption interactions between the analyte and the 

capillary wall. The effect of capillary i.d. will be studied in Chapter Two. 

 Approaches that decrease the interaction between the analyte and the 

capillary wall will reduce the retention factor and thus reduce solute-wall 

adsorption band broadening. The work in this thesis focuses on the development 

of surfactant based coatings to minimize protein adsorption in CE. 

1.5 Protein adsorption 

1.5.1 Background 

 Large biomolecules like proteins suffer from extensive adsorption to the 

capillary wall. The main driving forces for protein adsorption are electrostatic and 

hydrophobic interactions as proteins possess large number of charged and 
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hydrophobic moieties [51]. The amino acid sequence of the protein determines its 

overall charge, its isoelectric point (pI) and its hydrophobic property. Electrostatic 

interactions are highly influenced by the pI of the protein and the pH of the buffer. 

Proteins with high pI ˃ 7 (e.g. lysozyme, pI=11.3) possess an overall positive 

charge over the wide range of pH ˂ pI. Such basic proteins experience strong 

electrostatic interactions with the negatively charged silica capillary wall. Acidic 

proteins (e.g. ovalbumin, pI =4.7) carry an overall negative charge when pH ˃ pI. 

Despite the columbic repulsion between the anionic proteins and the silica 

surface, acidic proteins may still experience adsorption to the capillary wall but to 

a lesser extent than basic proteins [52]. Both the net charge of the protein and its 

charge localization influence the adsorption of a protein to the capillary surface. 

Protein configurations that bring more local positive charges close to the 

negatively charged capillary surface contribute more to the adsorption process 

[53].  

 Hydrophobic interaction is another important driving force for the 

adsorption of proteins to the capillary surface. Hydrophobic interactions occur 

between the hydrophobic patches of proteins represented by non polar amino 

acids and a hydrophobic surface. An increase in the hydrophobicity of the surface 

leads to increased protein adsorption [54]. 

 The adsorption of proteins onto the capillary wall leads to degraded 

separations, including peak band broadening [55], migration time irreproducibility 

[56] and low sample recovery [52]. Lucy et al. wrote a review on theory of 
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protein adsorption, methods used to monitor protein adsorption and non-covalent 

capillary coatings used to minimize protein adsorption in CE [57]. Methods used 

to monitor protein adsorption are discussed in brief below. 

1.5.2 Monitoring protein adsorption 

Peak efficiency measures how narrow is the peak and is expressed in the 

number of theoretical plates (N) as detailed in Section 1.4. Peak efficiency is the 

most common method of monitoring protein adsorption and the effectiveness of 

capillary coatings used to minimize this adsorption. An experimentally 

determined efficiency (Equation 1.15) lower than the maximum theoretical limit 

based on longitudinal diffusion (Equation 1.21) indicates other sources of band 

broadening are occurring (i.e., typically adsorption). Peak efficiency is generally 

an indicator of reversible adsorption [57]. However, peak asymmetry is also an 

indicator of adsorption.  For instance, a peak tail that never returns back to the 

initial baseline level is an indicative of irreversible adsorption. 

 EOF measurements: Adsorption of protein onto the capillary surface 

alters the electroosmotic flow by altering the zeta potential within the capillary 

[52]. The EOF on a bare capillary can be determined by injecting a neutral 

marker. After protein samples have been injected, the EOF is again determined. A 

decrease in the EOF is an indicator of an altered zeta potential due to protein 

adsorption. If the EOF magnitude does not return to its original value after 

consecutive injections of the neutral marker (in the absence of proteins), this is an 

indicator of irreversible adsorption of the protein onto the capillary surface [58]. 
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Migration time: The change in EOF caused by protein adsorption will 

lead to changes in the migration times of analytes. In addition, protein adsorbed 

on the capillary surface may introduce chromatographic like retention which 

would increase the migration time [50, 59] and broaden the peak.  

Protein recovery: Towns and Regnier [60] developed the first method to 

quantify the protein loss inside the capillary as a measure of irreversible 

adsorption. A custom instrument with two online detectors positioned 50 cm apart 

along the capillary was used. The decrease in the peak area from the first to the 

second detector was considered a measure of irreversible adsorption. Yeung and 

Lucy [61] modified the previous technique for a one detector system compatible 

with commercial instruments. Triplicate separations of a protein sample were 

performed on a 47 cm capillary. The capillary was then cut to a length of 27 and 

another three separations were performed (injection conditions are adjusted to 

keep the injected volume constant). The decrease in the peak area from the short 

to the long capillary is a measure of irreversible adsorption. 

 The measures detailed above to monitor protein adsorption are useful to 

determine the effectiveness of approaches used for preventing protein adsorption. 

The following section will discuss in brief some of the approaches used to prevent 

protein adsorption. 

1.5.3 Preventing protein adsorption in CE 

Numerous approaches have been employed to minimize protein adsorption 

in CE. Extremely low pH buffers [62] have been used to fully protonate the 
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silanols so that the electrostatic interactions between the capillary wall and 

proteins are reduced. However, some proteins aggregate and precipitate under 

acidic conditions. At extremely high pH values, both proteins and the silica 

surface exhibit high negative charge density, and adsorption should be reduced 

due to electrostatic repulsion [56]. 

 High ionic strength buffers compete with proteins for electrostatic 

adsorption sites on the silica surface, thus decreasing protein adsorption [50]. 

However, the resulting increase in conductivity requires the use of lower voltages 

and capillaries of smaller diameter to allow for efficient heat dissipation. 

 Small molecule buffer additives have been used to minimize protein 

adsorption. Zwitterionic additives (e.g. betaine) have been used with the 

advantage of not increasing the Joule heating but they yielded low efficiency 

separations [63]. Polyamines have been used to reduce protein adsorption under 

buffer conditions where amines are protonated [64]. 

 Presently, the most common method to prevent adsorption is to coat the 

capillary surface. An ideal coating for CE should be stable, low cost, regenerable, 

prevent solute-wall interaction, maintain high separation efficiency and does not 

interfere with detection [57]. Coatings can be classified as covalently bonded 

phases, physically adsorbed static coatings, or dynamic coatings. Covalent 

coatings have high stability and are very effective at preventing protein adsorption 

[65]. However, drawbacks associated with covalent coatings include long 

preparation time, higher cost, lack of regeneration and limited pH stability. 
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Particularly of interest are “static” or “semipermanent” adsorbed coatings where 

the adsorbed material need not be in the run buffer [57]. Physically adsorbed 

coatings are easy to prepare, regenerable, and cost effective. Static adsorbed 

coatings based on surfactant bilayers will be the main focus of this thesis. 

1.5.3.1 Surfactant coatings 

 Surfactants are amphiphilic molecules possessing both a hydrophobic tail 

and a hydrophilic head group. A surfactant concentration in solution higher than 

its critical aggregation concentration (CAC) results in aggregation of the free 

surfactant monomers to form micelles or vesicles. The packing factor of the 

surfactant determines the shape of the aggregate [66]. The packing factor is given 

by [67]: 

 
hc

c
f al

V P   (1.33) 

where Vc and lc are the volume and length of the hydrophobic region of the 

surfactant and ah is the cross sectional area of the head group. When the packing 

factor is <1/3 (e.g. sodium dodecyl sulfate, SDS), the surfactant molecule is 

conical in shape and packs as a spherical micelle (Figure 1.6.A). When the 

packing factor is 1/3–1/2 (e.g. cetyltrimethylammonium bromide, CTAB), the 

surfactant has a truncated cone shape and forms spherical or cylindrical micelles 

depending on the solution conditions. When the packing factor is 1/2–1 (e.g. 

didodecyldimethylammonium bromide, DDAB), the surfactant is cylindrical in 

shape and vesicles and bilayers are favored over micelles (Figure 1.6.B). 
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 Two-tailed cationic surfactants (Figure 1.7) have the correct packing (i.e. 

cylindrical geometry) factor to form a bilayer on the inner surface of capillaries 

[68]. Formation of a bilayer rather than hemi-micelles such as formed by CTAB 

results in a more effective coating [68]. Fig 1.8 shows the separation of five basic 

proteins in bare, CTAB coated and DDAB coated capillaries [68]. In the bare 

capillary, two of the five proteins were irreversibly adsorbed and did not elute. 

Peaks of the other 3 proteins are broad and tailed, indicative of wall adsorption. In 

CTAB coated capillaries, three out of five proteins were separated with a recovery 

of 80 % but the other two proteins never eluted. Using a DDAB coated capillary, 

all five proteins were separated with recoveries ranging from 85% to 100%. The 

enhanced coating performance and protein recoveries with DDAB were attributed 

to the increased capillary surface coverage with DDAB bilayer whereas the hemi-

micelle surface structure of CTAB leaves significant gaps in the surface coating. 

 Single-tailed cationic surfactants such as CTAB form dynamic coatings, 

i.e. the surfactant must be present in the BGE to maintain the coating. The 

presence of free surfactant molecules in the BGE may interfere with the detection 

scheme. For instance, dynamic coatings or small-molecule additives may 

complicate online MS analysis of proteins separated by CE. Coating material 

entering the mass spectrometer may lead to suppression of analyte signals and/or 

contamination of the ion source [69]. An added benefit of two-tailed cationic 

surfactants is that they form static or semipermanent coatings, i.e., the surfactant 

does not have to be in the running buffer. The enhanced stability results from the 

bilayer structure at the capillary surface [68].  
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Figure 1.6: Aggregate structures of (A) single-tailed surfactant and (B) two-tailed 
surfactant. Reprinted with permission from reference [66]. Copyright (2000) 
American Chemical Society. 
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Figure 1.7: Structure of two-tailed cationic surfactants used as capillary coatings 

 

 

Table 1.1: Physico-chemical properties of two-tailed cationic surfactants used as 
capillary coatings 

Surfactant 
CMC a 

(10-3 mM) 

Chain melting 

temperature Tm (º C) 

DDAB 35 16 [70] 

DODAB 0.0037 45 [70] 

a Calculated based on reference [71]. 
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Figure 1.8: Separation of five basic proteins at pH 3 using (A) bare capillary; (B) 
CTAB-coated capillary; and (C) DDAB-coated capillary. Reprinted with 
permission from reference [68]. Copyright (2001) American Chemical Society. 
Experimental conditions:  50-cm capillary (40 cm to detector); UV detection at 
214 nm; +15 kV applied voltage (A), −15 kV applied voltage (B, C); buffer, 25 
mM phosphate buffer at pH 3.0 containing (A) no surfactant, (B) 0.5 mM CTAB, 
or (C) 0.1 mM DDAB. Note that the myoglobin peak was not observed after a 40-
min run time in (B). 
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 A longer alkyl chain analogue of DDAB is dioctadecyldimethyl 

ammonium bromide (DODAB). The longer alkyl chain results in lower critical 

vesicle concentration (CVC) (Table 1.1) [71]. Yassine and Lucy demonstrated 

that the use of longer alkyl chain surfactants  enhanced stability of semipermanent 

bilayer coatings [72] as a direct consequence of the lower CVC. Using a DODAB 

coated capillary, 60 successive high efficiency separations of proteins could be 

performed without any regeneration of the coating [72]. 

 Only capillary coatings based on two-tailed cationic surfactants and 

particularly DODAB will be studied in this thesis. My coatings will be 

characterized based on migration time reproducibility, EOF stability and protein 

separation efficiency. 
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1.6 Thesis Overview 

 Adsorption of protein onto the capillary silica surface leads to degraded 

CE separations. Capillary coatings are the most common way to minimize this 

adsorption. Two-tailed cationic surfactants are of interest since they form 

semipermanent physically adsorbed capillary coatings which are easy to prepare, 

stable and cost effective. The aims of this thesis are: to investigate factors that 

affect the stability of two-tailed cationic surfactant coatings, to generate a series 

of tailored coatings based on two-tailed cationic surfactants, and to investigate 

new application of the developed coatings. Chapter Two studies the impact of 

small i.d. capillaries (5-25) µm on the stability of surfactant bilayer cationic 

coatings and on the efficiency of separation of basic proteins. In Chapter Three, a 

surfactant bilayer/diblock copolymer coating is developed to tune the EOF and 

minimize protein adsorption. The coating has been applied to the separation of 

basic, acidic and histone proteins. In Chapter Four, the surfactant bilayer/diblock 

copolymer coating is applied to a different mode of CE; capillary isoelectric 

focusing (cIEF). The ability to tune the EOF enabled both single-step cIEF and 

two-step cIEF to be performed. Chapter Five explores the use of a series of POE 

diblock copolymers as capillary coatings. Factors affecting the stability and the 

EOF of these coatings have been studied. The effects of the hydrophilic and 

hydrophobic chain lengths, buffer counter ions, pH and mixed organic-aqueous 

conditions were all studied. Chapter Six investigates the stability of DODAB 

under alkaline conditions. Chapter Seven summarizes studies performed in this 

thesis and suggests further areas of investigation. 
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Chapter Two: Surfactant bilayer coatings in narrow-bore 

capillaries in capillary electrophoresis*    

2.1 Introduction 

 Capillary electrophoresis is a technique commonly utilized in the analysis 

of various analytes due to its speed and efficiency. Typically, CE capillaries with 

inner diameters (i.d.) ranging from 25 to 75 m are used. However, 

electrophoretic separations have been performed with capillary i.d. ranging from 2 

to 10 m [1-9]. These capillaries have been commonly used as a means to study 

biological microenvironments such as intracellular contents [1, 2, 4-8, 10].  

Investigation of cellular response through single cell analysis may provide insight 

in proteomics as well as other biological systems [11]. Further, capillaries with 

small i.d. (< 25 m) are comparable in size to microchip channel depths. 

 Analyte adsorption in CE and microfluidics results in reduced efficiency, 

poor migration time reproducibility and irreversible loss of analyte [12].  Methods 

traditionally employed to reduce adsorption include: extreme pH buffers [13-15], 

high salt concentrations [14-16] and buffer additives [15, 16]. High ionic strength 

buffers and the zwitterionic additive betaine were used to reduce the protein-wall 

interactions, which resulted in improved resolution, protein efficiency and 

migration time reproducibility [16]. Presently, the most common method to 

__________________________________________ 

* A version of this chapter has been published as Makedonka D. Gulcev, Teague 
McGinitie, Mahmoud F. Bahnasy and Charles A. Lucy, "Surfactant bilayer 
coatings in narrow-bore capillaries in capillary electrophoresis", Analyst, 135 
(10), 2688-2693, 2010. 
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prevent adsorption is to coat the surface [12, 17]. Coatings can be covalently 

bonded phases [18-23], physically adsorbed polymer coatings [23-32] or dynamic 

coatings [33-35].  

 Surfactants can form capillary coatings which enable efficient protein 

separations [36-39]. Two-tailed surfactants such as didodecyldimethylammonium 

bromide (DDAB) and dioctadecyldimethylammonium bromide (DODAB) 

possess the correct packing factor (i.e., a cylindrical geometry) to form a 

supported bilayer on a flat surface [34].  Formation of a bilayer rather than hemi-

micelles (such as formed by cetyltrimethylammonium bromide, CTAB) results in 

better coating of the surface as reflected by near quantitative recovery of protein 

(85-100% vs. 0-81% for CTAB) [34]. The formation of a bilayer also increases 

the stability of the surfactant coating such that surfactant does not need to be 

present in the separation buffer. Using 25 m i.d. DODAB-coated capillary, sixty 

separations of model cationic proteins were performed over a 12 day period with 

efficiencies of 300 000-400 000 plates/m without regeneration of the coating [37]. 

 Previous studies have observed that the i.d. of the capillary can influence 

the efficiency and stability of the surfactant bilayer coatings. Westerlund and co-

workers noted enhanced protein efficiencies in 25 m i.d. capillaries coated with 

DDAB compared to 50 m i.d. capillaries (980 000 – 1 140 000 plates/m vs. 490 

000-530 000 million plates/m, respectively) [39]. Using DDAB, Yassine and 

Lucy observed increased stability for the bilayer coating as the capillary i.d. was 
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decreased from 100 to 25 m [36]. Thus, there appear to be advantages to using 

surfactant based coatings in narrow channel domains. 

 Herein, the previous studies are extended to investigate the impact of 

narrow capillary diameters ( 25 m) on the stability of surfactant bilayer 

coatings and on the efficiency of separations of model cationic proteins. To 

illustrate the applicability of the proposed coatings in smaller i.d. capillaries, the 

separation of cationic neurotransmitters was performed on a DODAB-coated 5 

m i.d. capillary. 

2.2 Experimental 

2.2.1 Apparatus 

 All capillary electrophoresis experiments were conducted on a Hewlett 

Packard 3DCE instrument equipped with a UV absorbance detector. Detection of 

proteins was performed at 214 nm.  Detection of neurotransmitters was performed 

at 200 nm. Data acquisition at 10 Hz was carried out on a Pentium II HP personal 

computer running HP 3DCE ChemStation. Untreated fused-silica capillaries 

(Polymicro Technologies, Phoenix, AZ, USA) of total length 32 cm (23 cm to the 

detector) with i.d. of 25, 10 and 5 µm and o.d of 365 µm were used. An external 

N2 source (connected using HP attachments) was used for high pressure rinses (up 

to 8 bar) and injections. The capillary temperature was maintained at 25°C. 

2.2.2 Chemicals 

 All solutions were prepared using Nanopure 18-MΩ ultrapure water 

(Barnstead, Dubuque, IA, USA). Lithium acetate buffers were prepared from 
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lithium acetate dihydrate (Aldrich, Milwaukee, WI, USA) and adjusted to pH 5.0 

using glacial acetic acid (Anachemia Canada Inc., Montreal, QC, Canada). Tris-

phosphate buffers were prepared from phosphoric acid and adjusted to pH 5.0 

using Tris(hydroxymethyl) aminomethane, 99.9+% (Aldrich). The cationic 

surfactants DDAB and DODAB and cationic proteins α-chymotrypsinogen A – -

chymo A (bovine pancreas), cytochrome c –cyto c (bovine heart), lysozyme - lyso 

(chicken egg white) and ribonuclease A – RNase A (bovine pancreas) were used 

as received from Sigma (Oakville, ON, Canada). Protein standards were dissolved 

in Nanopure water to a final concentration of 0.2 mg/mL. The neurotransmitters 

epinephrine, dopamine, ephedrine and serotonin were used as received from 

Sigma. Neurotransmitter standards were dissolved in Nanopure water to a final 

concentration of 0.1 mg/mL for epinephrine, dopamine and serotonin and 0.2 

mg/mL for ephedrine. 

2.2.3 Surfactant Preparation 

 DDAB solutions (2 mM) were prepared by dissolving the surfactant in 

lithium acetate buffer. The surfactant buffer mixtures were sonicated for 30 min at 

25oC and then stirred for 15 min. This sonication/stir cycle was repeated until a 

clear solution was obtained. Typically 2 cycles were needed. The same procedure 

was followed for the 0.5 mM DODAB coating solution except that the bath 

sonicator temperature used was 60oC. The surfactant solution was then allowed to 

cool to room temperature before use. Fresh surfactant solutions were prepared 

daily. 
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2.2.4 Coating Procedure 

 The number of capillary volumes of coating solution flushed through the 

capillary was held constant for the various i.d. capillaries by varying the pressure 

and time used for rinses. All new capillaries were pretreated with 1.0 M sodium 

hydroxide (EMD Chemicals Inc., Gibbstown, NJ, USA) followed by Nanopure 

water and afterwards coated with the surfactant solution (either 2 mM DDAB or 

0.5 mM DODAB). Finally, the capillaries were flushed with buffer (void of 

surfactant) to remove any non-adsorbed surfactant. The capillaries were not 

recoated between runs. 

2.2.5 Protein Separations  

 New capillaries were used for capillary-to-capillary studies. New 

capillaries were preconditioned and coated as outlined in Section 2.2.4 above.  

Protein solutions were injected hydrodynamically and separated using -10 kV.  

The injection volume was held constant at 0.007 capillary volumes regardless of 

the capillary i.d. by varying the injection time.  

 Under ideal conditions in CE, peak broadening is governed solely by 

longitudinal diffusion; the plate number (N) under this condition is: 

     
t

dapp

L
L

D2
V

N


                                          (2.1) 

where app is the apparent mobility of the proteins, V is the applied voltage, Ld 

and Lt are the capillary length to detector and total length, and D is the diffusion 

coefficient (0.9x10-6 cm2/s for -chymo A; 1.1 x 10-6 cm2/s for RNase A; 1.4 x 

10-6 cm2/s for cyto c; 1.1 x 10-6 cm2/s for lyso) [38]. Peak efficiencies were 
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calculated using the HP ChemStation software using the peak width at half height 

method, and are reported as the average of ten successive runs. However, the 

presence of wall adsorption in CE introduces a C-term to the broadening behavior 

[12, 40]. Thus, plates/m are commonly reported in the literature for protein 

separations by CE. Both plates and plates/m will be used throughout this chapter 

to allow comparison to theory and the literature.   

 The limit of detection (LOD) of the four standard cationic proteins on a 5 

m DODAB-coated capillary was determined. For each protein, the peak height 

was measured for a series of concentrations of 0.2, 0.4, 0.6, 0.8 and 1 mg/mL. The 

LOD was determined using: 

                                                                    (2.2)  

where sblank is the standard deviation for replicate determinations of peak height of 

the blank (50 mM Li Acetate pH 5.0) and m is the slope of linear calibration 

curve for the peak height measurements of the protein. 

2.2.6 Durability and Reproducibility of DODAB in 5 m capillaries 

 The performance of the DODAB coating on a 5 m i.d. capillary was 

evaluated for: 1) short term stability by performing repetitive consecutive 

injections of the cationic proteins α-chymo A, cyto c, lyso, and RNase A without 

any regeneration or recoating of the capillary during the experiment; 2) long-term 

stability by performing 10 successive injections per day for 30 consecutive days 

without regenerating or refreshing the capillary; and 3) comparing the capillary-

to-capillary reproducibility. 

m
s3LOD blank
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2.2.7 Separation of Neurotransmitters 

 New capillaries were used for the neurotransmitter work. Capillary 

preconditioning and coating procedures were identical to those outlined in Section 

2.2.4. Neurotransmitters were injected hydrodynamically and separated using -30 

kV. The separation buffer was 150 mM Tris-phosphate pH 5.0. The 

neurotransmitters separated (and their respective concentrations) were:  

epinephrine (0.1 mg/mL), dopamine (0.1 mg/mL), ephedrine (0.2 mg/mL), and 

serotonin (0.1 mg/mL).   

2.3 Results and Discussion 

 The use of narrow bore capillaries is common in the analysis of biological 

microenvironments such as the contents of a single cell [1, 2, 4-8]. Biomolecules 

such as proteins and neurotransmitters may adsorb onto the surface of the bare 

capillaries leading to reduced efficiency, poor migration time reproducibility and 

low recovery [12].  Such adsorption is more significant in narrow capillaries.  

 As the capillary diameter decreases, the surface-to-volume ratio increases. 

In the presence of adsorption, an increase in the surface-to-volume ratio leads to 

increase in the retention factor of the analyte (Equation 1.32 in Chapter One). 

This leads to an increase in the adsorptive interactions between the solutes and the 

capillary resulting in increased C-term band broadening [2, 4, 5, 41, 42].  

Moreover, such broadening can be so severe that in their seminal theoretical 

study, Schure and Lenhoff concluded there is little benefit to using smaller i.d. 

capillaries for large biomolecules if adsorption occurs [43].  
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 Thus, performing separations in narrow capillaries is a rigorous test of the 

effectiveness of a capillary coating. In this study we evaluate the efficiency 

achieved in the separation of four standard cationic proteins as the capillary 

diameter is decreased. Also, for semi-permanent coatings such as surfactant 

bilayers, the stability of the coating is an additional important factor [36].  

Previously it was observed that increased bilayer stability was achieved by 

decreasing the capillary i.d. from 100 to 25 m [36]. To determine whether this 

trend extends to smaller i.d. capillaries, the reproducibility of both the migration 

time and peak efficiencies for the protein separations were also monitored in long-

term studies using 5 m capillaries.   

2.3.1 Effect of inner diameter (i.d.) on DDAB coating performance 

 In the following study, 2 mM DDAB was used to coat the capillary. The 

capillary was coated at the start of the study, after which the excess DDAB was 

rinsed from the capillary. Following this, 40 successive injections of protein (200 

min) were performed without regenerating the coating. Figures 2.1, 2.2 and 2.3 

summarize the results of this experiment. In all of the capillaries, the migration 

times increase from run to run. In the absence of surfactant in the separation 

buffer, some of the bilayer dissolves to saturate the separation buffer, resulting in 

a gradual degradation of the coating [37].  The decrease in the anodic EOF results 

in an increase in migration time from run to run, and reflects the instability of the 

coating. Table 2.1 presents the migration time RSDs for the initial and final 10 

runs (run-to-run for runs 1-10 and 31-40) of the various i.d. capillaries studied.  

Efficiencies are also reported in Table 2.1.  
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 Figure 2.1 shows the performance of the 2 mM DDAB coating in a 25 m 

i.d. capillary. The protein efficiencies for the first 10 consecutive injections (900 

000-1 000 000 plates/m, Table 2.1) are comparable to those achieved by Yassine 

and Lucy (750 000- 1 050 000 plates/m) [36] and Westerlund and co-workers 

(980 000-1 140 000 plates/m) [39]. Further, Westerlund and co-workers 

demonstrated that the DDAB coating was stable in 25 m capillaries for 14 

consecutive runs (at least 100 min) without any recoating [39]. The results in 

Table 2.1 confirm this observation. However, as continued injections are 

performed without regenerating the coating, the peak efficiencies decrease from 

900 000-1 000 000 plates/m (210 000-240 000 plates) for the initial 10 runs to 

300 000-400 000 plates/m (70 000-90 000 plates) for the 31st-40th runs (Table 

2.1). There is also drift in migration time (tM) of the proteins (1.6-1.9% over the 

first 10 runs (Table 2.1) and 5.5-6.4% RSD over the entire 40 runs). The early 

reproducibility is comparable to that of Westerlund and co-workers, who 

observed protein migration time RSDs of 1.8-2.9 % (n=10) [39].   

 Figure 2.2 displays separations performed in a DDAB-coated 10 m i.d 

capillary.  The protein efficiencies observed for the first 10 runs were 1 900 000-2 

300 000 plates/m (440 000-540 000 plates) given in Table 2.1. Efficiencies 

decreased over the 40 consecutive runs (200 min), but remained much higher (1 

500 000-2 000 000 plates/m, 360 000-470 000 plates) for runs 31-40 than for 

analogous runs in the 25 µm capillary case (300 000-400 000 plates/m).  

Similarly, the migration time reproducibility in the 10 m i.d capillary (3.8-4.6% 

RSD, n=40) were much improved over that observed for the 25 m i.d.  
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Figure 2.1: Separation of cationic proteins on 25 m i.d. capillary using a 2 mM 
DDAB coating. The electropherograms have been offset along the y-axis to show 
successive runs. Proteins labeled: (1) -chymotrypsinogen A, (2) ribonuclease A, 
(3) cytochrome c and (4) lysozyme.   

Experimental conditions: Cationic surfactant coating was reconstituted in 50 
mM Li acetate pH 5.0 buffer.  Applied voltage, -10 kV; capillary, 32 cm (23 cm 
to detector); separation buffer, 50 mM Li acetate pH 5.0;  (nm), 214; 0.2 mg/mL 
protein sample dissolved in water and injected hydrodynamically at 5 kPa for 6.6 
s. 
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Figure 2.2: Separation of cationic proteins on 10 m i.d. capillary using a 2 mM 
DDAB coating. The electropherograms have been offset along the y-axis to show 
successive runs. Proteins labeled: (1) -chymotrypsinogen A, (2) ribonuclease A, 
(3) cytochrome c and (4) lysozyme.   

Experimental conditions: Cationic surfactant coating was reconstituted in 50 
mM Li acetate pH 5.0 buffer.  Applied voltage, -10 kV; capillary, 32 cm (23 cm 
to detector); separation buffer, 50 mM Li acetate pH 5.0;  (nm), 214; 0.2 mg/mL 
protein sample dissolved in water and injected hydrodynamically at 5 kPa for 45 
s. 



   

 58 

 

 

Figure 2.3: Separation of cationic proteins on 5 m i.d. capillary using a 2 mM  
DDAB coating. The electropherograms have been offset along the y-axis to show 
successive runs. Proteins labeled: (1) -chymotrypsinogen A, (2) ribonuclease A, 
(3) cytochrome c and (4) lysozyme.   

Experimental conditions: Cationic surfactant coating was reconstituted in 50 
mM Li acetate pH 5.0 buffer.  Applied voltage, -10 kV; capillary, 32 cm (23 cm 
to detector); separation buffer, 50 mM Li acetate pH 5.0;  (nm), 214; 0.2 mg/mL 
protein sample dissolved in water and injected hydrodynamically at 5 kPa for 180 
s. 
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 capillary (5.5-6.4 %RSD, n=40).  Nonetheless, there is still noticeable drift in the 

migration times in Figure 2.2. (5.5-6.4 %RSD, n=40).   

 Finally, Figure 2.3 demonstrates the stability of DDAB coating in a 5 m 

i.d. capillary. Throughout the 40 runs the protein efficiencies remained constant:1 

900 000-2 200 000 (450 000-510 000 plates) for the first 10 runs and 1 600 000-2 

100 000 plates/m (370 000-480 000 plates) for the 31st-40th runs (Table 2.1) and 

are comparable to those observed for the 10 m i.d. capillary. The migration time 

reproducibility for these 40 consecutive runs was 3.2-3.8 %RSD, which is an 

improvement over the 10 m i.d. capillary case discussed above.  

 The improved migration time RSDs observed with decreasing the 

capillary i.d. (Figures 2.1, 2.2, 2.3 and Table 2.1) is indicative of enhanced 

coating stability. Desorption of surfactant from the bilayer occurs when the bulk 

surfactant concentration is less than the CVC. Decreasing the capillary i.d. results 

in a decrease in the volume-to-surface ratio. Consequently, less DDAB must 

desorb from the bilayer to saturate the smaller  bulk solution volume in the 

smaller i.d. capillary. Thus, capillary diameters should be kept narrow to 

maximize the bilayer stability. 

  In spite of the high protein efficiencies and improved protein migration 

time RSDs observed with the smaller capillary i.d., an obvious drawback was the 

decreased S/N ratio. When the capillary diameter was decreased from 25 m to 

10 m there was a 5-fold decrease in the S/N ratio. Additionally, on decreasing 
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the capillary i.d. further from 10 m to 5 m a 2-fold decrease in S/N ratio was 

noted. 

 At high sample concentrations, efficiencies are governed by 

electromigration dispersion [44]. In both the 5 and 25 m DDAB-coated 

capillaries the efficiency decreased to 500 000 plates/m (fronting) when 1.0 mg/ 

mL RNase A was injected. This indicates that sample capacity in concentration 

units is independent of capillary diameter, but that the mass sample capacity will 

decrease proportional to capillary volume. 

 In all the 5, 10 and 25 m DDAB-coated capillaries; the migration times 

for the separated proteins are the same for fresh DDAB coatings independent of 

the capillary diameter (Figures 2.1, 2.2 and 2.3). This is to be expected as the 

capillary inner diameter is greater than 10-50 times the double layer thickness 

(hence the EOF is constant) [45] and there is no protein adsorption on the 

capillary wall (which would add a chromatographic retention that would depend 

on the surface area-to-volume of the capillary). The consistency of the migration 

times indicate that a similar charge density non-adsorptive coating is formed 

regardless of the inner diameter of the capillary. 

2.3.2 DODAB coatings in narrow capillaries 

 Yassine and Lucy demonstrated that the stability of surfactant bilayer 

coatings improves as the critical vesicle concentration (CVC) of the surfactant 

used to form the coating decreases [36]. The decrease in the CVC enables the 

equilibrium between the bilayer and the free surfactant monomers in the bulk 
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solution to be achieved with less desorption of the bilayer since fewer DODAB 

monomers are required to reach the CVC value in the bulk solution. The CVC can 

be reduced by using a longer-tailed homologue of DDAB such as 

dioctadecyldimethylammonium bromide (DODAB) [37]. Using a DODAB-

coated 25 m i.d. capillary, Yassine and Lucy performed 60 successive protein 

separations over a 12 day period without regenerating or refreshing the coating 

[37].    

 In the following study, protein separations were performed on DODAB-

coated 5 m i.d. capillaries. Preliminary studies found that when 0.1 mM 

DODAB was used as the coating solution, an efficiency of 1 200 000 plates/m 

(280 000 plates, for n=120) and an efficiency reproducibility of 12 %RSD was 

achieved after an hour of coating. Coating the 5 m i.d. capillary with 0.5 mM 

DODAB for 30 min yielded an efficiency of 1 800 000 plates/m (430 000 plates, 

for n=120) and an efficiency reproducibility of 7.1 %RSD. The low separation 

efficiency RSDs show that little protein is irreversibly retained on the 0.5 mM 

DODAB-coated capillaries in keeping with the high recoveries previously 

obtained for their DDAB-coated counterparts [34, 46]. Therefore, a 30 min 

coating with 0.5 mM DODAB was used in the following performance studies.  

 Figure 2.4 shows the separation efficiencies over the 210 consecutive runs 

(total of 17.5 h) performed without coating regeneration. Since the standard 

deviation for efficiencies was high, the average efficiency for all four proteins 

over 10 runs are plotted. Like the DDAB coating above, ~2 000 000 plates/m  
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Figure 2.4: Reproducibility studies of 0.5 mM DODAB on a 5 m i.d. capillary. 
Migration times of proteins studied:  (1-■) -chymo A; (2-○) RNase A; (3-▲) 
cyto c; (4-□) lyso. Efficiency (*) is reported as the average protein efficiency for 
the 4 proteins (for n=10 runs) over 210 consecutive runs.   

Experimental conditions: same as in Figure 2.3.  
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(430 000 plates) were observed for the first 120 runs and 1 400 000 plates/m (> 

340 000 plates) thereafter. The efficiencies (cited as plates) are less than the 

theoretical limit based in longitudinal diffusion (2 000 000- 3 500 000 plates).  

The decreased efficiencies (in plates) observed for the 5 m i.d. is due to extra-

column band broadening  due to the injection plug length (Section 1.4.4, 

necessitated by the low S/N in the 5 m) and detector rise times (Section 1.4.5, 

limited by the instrument).    

 Figure 2.4 also shows migration times for each of the four cationic 

proteins over the 210 consecutive runs. The migration time reproducibility was  

1.9%, which is much better than observed for DDAB above. This improved 

stability is consistent with Yassine and Lucy’s work where the stability of the 

coating increased with increasing chain length of the surfactant [37]. The cause of 

the abrupt shift in the migration times after 150 runs (12.5 h) in Figure 2.4 is 

unknown.  If only the first 150 runs are considered, the migration time RSD was  

0.80%.  

 A new capillary was coated to confirm the long term stability of the 

DODAB coating in 5 m capillaries. Ten separations were performed daily 

without recoating or refreshing the coating.  A total of three hundred successive 

runs were performed over this 30 day period without ever regenerating or 

refreshing the capillary (Figure 2.5).  The studies were intended to conclude upon 

complete failure of the coating but as the coating remained stable for 30 days, the 

experiment was concluded at this point. 
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Figure 2.5: Cationic protein reproducibility studies using 5 m i.d. capillary 
coated with 0.5 mM DODAB.  The electropherograms have been offset along the 
y-axis to show days.   Proteins labeled: (1) -chymotrypsinogen, (2) ribonuclease 
A, (3) cytochrome c, and (4) lysozyme. For each day ten consecutive runs were 
performed.  
 
Experimental conditions:  Cationic surfactant coating was reconstituted in 50 
mM Li acetate pH 5.0 buffer.  Applied voltage, -10 kV; capillary, 32 cm x 5 m 
i.d. (23 cm to detector); separation buffer, 50 mM Li Acetate pH 5.0;  (nm), 214; 
0.2 mg/mL protein sample dissolved in water and injected hydrodynamically at 5 
kPa for 180 s. 
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Average protein efficiencies of 1 600 000 plates/m (380 000 plates) were obtained 

over the 30 day period.  The protein efficiencies were around ~2 000 000 plates/m 

(~400 000 plates) for the first 15 days and varied randomly, after which they 

dropped to 1 500 000-1 600 000 plates/m (320 000-380 000 plates) by day 25. 

Finally, by day 30, the average protein efficiency had decreased and was between 

870 000-1 400 000 plates/m (204 000-330 000 plates). 

 Protein migration time RSDs were 0.16-3.7% run-to-run and 6.8% day-to-

day (n = 30 days).  An eventual increase in %RSD for the protein migration times 

was observed (shown by the drift in protein migration times in Figure 2.5). 

 The long-term stability study was also performed with a 10 m i.d. 

DODAB-coated capillary (Figure 2.6). Efficiencies comparable to the 5 m i.d. 

DODAB-coated capillary were obtained for the first 6 days. By day 7, protein 

efficiencies decreased ~3-fold. The average protein efficiencies decreased from 2 

100 000 plates/m on day 1 to 650 000 plates/m on day 7. The coating failed after 

day 7 and the long-term study for the 10 m i.d. capillary was concluded. 

 The limit of detection (LOD) of the four standard cationic proteins on a 5 

m DODAB-coated capillary ranged from 2.7x10-6 M (-chymo A) to 7.6x10-6 

M (RNaseA), corresponding to limit of quantification (LOQ) of 9x10-6 M (-

chymo A) to 2.3x10-5 M (RNaseA). 

 The capillary-to-capillary migration time RSDs of the model cationic 

proteins investigated using 5 m i.d. capillaries (ten successive runs, for n=3 
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Figure 2.6: Cationic protein reproducibility studies using a 10 m i.d. capillary 
coated with 0.5 mM DODAB.  The electropherograms have been offset along the 
y-axis to show days.   Proteins labeled: (1) -chymotrypsinogen, (2) ribonuclease 
A, (3) cytochrome c, and (4) lysozyme. For each day ten consecutive runs were 
performed.  

Experimental conditions:  Cationic surfactant coating was reconstituted in 50 
mM Li acetate pH 5.0 buffer.  Applied voltage, -10 kV; capillary, 32 cm x 5 m 
i.d. (23 cm to detector); separation buffer, 50 mM Li Acetate pH 5.0;  (nm), 214; 
0.2 mg/mL protein sample dissolved in water and injected hydrodynamically at 5 
kPa for 45 s. 
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capillaries) were 1.0-1.3 %. In conclusion, the high degree of reproducibility 

suggests that capillaries are effectively coated with 0.5 mM DODAB.   

2.3.3 Separation of neurotransmitters on a DODAB-coated 5 m i.d. 
capillary 

 Separation and determination of neurotransmitters are important in life 

sciences and clinical diagnoses [47]. Neurotransmitters undergo adsorption on  

bare capillaries resulting in poor peak efficiencies. This adsorption can be more 

significant in narrow capillaries. Woods et al. found that peak efficiencies for 

neurotransmitters decreased as the capillary i.d. decreased from 12 m to 770 nm 

i.d. [4] along with noticeable peak tailing [4, 5].   

 Herein, the separation of a mixture of cationic neurotransmitters was 

performed on a 5 m i.d. DODAB-coated capillary using 150 mM Tris phosphate 

separation buffer. Figure 2.7 shows the separation of dopamine, ephedrine, 

serotonin and epinephrine. These are baseline resolved (Figure 2.7) using our 

cationic surfactant coating. The peak efficiencies range from 470 000-610 000 

plates/m (110 000-140 000 plates). Separation of the same mixture on a bare 5 m 

i.d. capillary under the same buffer conditions resulted in an unresolved mixture 

and a substantial baseline shift and tailing for over 1 min (Figure 2.8). At pH 5, 

the neurotransmitters are positively charged.  Electrostatic repulsion between the 

cationic surfactant coating and the positively charged neurotransmitters decreases 

the adsorption of the neurotransmitters resulting in better peak efficiencies and 

resolution.  
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Figure 2.7:  Separation of neurotransmitters on a 0.5 mM DODAB-coated 5 m 
i.d. capillary. Neurotransmitters labeled: (1) epinephrine, (2) dopamine, (3) 
ephedrine, and (4) serotonin. The water dip is denoted by (*). 

Experimental conditions: Cationic surfactant coating was reconstituted in 50 
mM Li acetate pH 5 buffer.  Applied voltage, -30 kV; capillary, 32 cm x 5 m i.d. 
(23 cm to detector); separation buffer, 150 mM Tris-phosphate pH 5;  (nm), 200; 
0.1 mg/mL for all neurotransmitters except ephedrine which was 0.2 mg/mL; 
neurotransmitters were dissolved in water and injected hydrodynamically at 5 kPa 
for 180 s. 
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Figure 2.8:  Separation of the neurotransmitters on a 5 m bare capillary.  

Experimental conditions: Applied voltage, +30 kV; capillary, 32 cm x 5 m i.d. 
(23 cm to detector); separation buffer, 150 mM Tris-phosphate pH 5;  (nm), 200; 
0.1 mg/mL for all neurotransmitters except ephedrine which was 0.2 mg/mL; 
neurotransmitters were dissolved in water and injected hydrodynamically at 5 kPa 
for 180 s. 
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2.4 Conclusions  

 Cationic surfactants such as DDAB and DODAB readily form semi-

permanent bilayer coatings in CE capillaries. The use of narrower capillary 

diameters ( 25 m) results in enhanced stability of surfactant bilayer coatings  

and higher efficiency of separations of model cationic proteins and 

neurotransmitters. The bilayer stability is further enhanced by increasing the 

length of the surfactant alkyl chain. The DODAB-coated 5 m capillary offered 

both high short-term and long-term stabilities. The capillary maintained high 

performance for 300 injections performed over a 30 day period without any  

regeneration of the coating with a migration time reproducibility of 6.8% RSD.  

Efficiencies of ~2 million plates/m were observed for proteins and >470 000 

plates/m for cationic neurotransmitters. 
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Chapter Three: A modified supported bilayer/diblock 

copolymer – working towards a tunable coating for 

capillary electrophoresis* 

3.1 Introduction 

 A common challenge in capillary electrophoresis (CE) separations of 

proteins and biomolecules is their adsorption onto the surface of the capillary [1, 

2].  Adsorption can lead to undesirable effects such as band broadening [3], poor 

migration time repeatability [4] and low sample recovery [5]. The most common 

method of minimizing adsorption is to coat the capillary wall. Such coatings can 

be broadly classified as covalently bonded polymers [6-8], physically adsorbed 

polymers [9-11] and dynamic coatings [5, 12, 13]. Covalent coatings are very 

effective at preventing protein adsorption [14]. However, covalent coatings are 

more time consuming to prepare and cannot be easily regenerated. Physically 

adsorbed polymers and surfactant coatings are easy to prepare, regenerable and 

cost effective [15]. 

 Coatings prepared from two-tailed cationic surfactants are easy to form 

and produce stable semi-permanent coatings [12, 16-18]. However, the strong 

anodic EOF [12, 16, 19] overwhelms the differences in electrophoretic mobilities 

of most proteins, such that the resolution can be limited. A reduced EOF enables 

the mobility of the proteins to come to the forefront so that better resolution can  

__________________________________________ 
* A version of this chapter has been published as Amy M. MacDonald, Mahmoud 
F. Bahnasy and Charles A. Lucy, "A Modified Supported Bilayer/Diblock 
Copolymer – Working Towards a Tunable Coating for Capillary Electrophoresis", 
J. Chromatogr. A, 1218 (1), 178-184, 2011. 
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be achieved. The suppressed EOF of zwitterionic surfactants [20, 21] and 

phospholipids [22, 23] allows the separation of both acidic and basic proteins. 

However such coatings lack the strong electrostatic attraction of the cationic 

surfactants. As a consequence the performance of phospholipid coatings is 

strongly dependent on factors such as the size and lamellarity of the vesicle, the 

phospholipid concentration and the ionic strength and buffer type of the solution 

in which the vesicles are prepared [22].  

 Previously, we reported a coating procedure which combined the stability 

of a cationic bilayer coating with a suppressed EOF [24].  This coating was 

formed by flushing the capillary with a mixture of the surfactant 

dioctadecyldimethylammonium bromide (DODAB) and polyoxyethylene stearate 

(POE). In this thesis POE stearate will be described as a diblock copolymer with a 

hydrophilic polyoxyethylene (POE) block and a hydrophobic (stearate) block.  

POE stearate can also be considered to be a chain-end functionalized polymer 

where the POE polymer is end-functionalized with alkyl stearate chain. POE is 

also known as polyethylene glycol (PEG) or polyethyleneoxide (PEO). The 

DODAB forms a bilayer on the surface of the capillary. The hydrophobic portion 

of the diblock copolymer inserts into the DODAB bilayer, leaving the hydrophilic 

POE moieties protruding into the surrounding solution. A schematic of this can be 

seen in the rightmost diagram in Figure 3.1A where the bilayer structure is 

adapted from Figure 10 of reference [25]. The suppressed EOF allows for high 

resolution of either acidic or basic proteins [24]. The ability to tune this 

suppressed EOF is important in maximizing the resolution of analytes with  
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Figure 3.1: Schematic of the A) mixed and B) sequential coating methods.   
For the mixed method (A), DODAB and POE stearate are added to a flask, 
sonicated and stirred, and then rinsed through the capillary.  For the sequential 
method (B), a DODAB solution is first rinsed through the capillary to form a 
bilayer on the wall.  A POE stearate solution is then rinsed through the capillary 
and the stearate chains intercalate into the bilayer.  Bilayer structures adapted 
from Figure 10 of reference [25]. 
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similar electrophoretic mobilities.  However control of the EOF through variation 

of the DODAB to POE stearate concentration using the mixed method proved 

complex and unpredictable [26].    

 For this reason, a coating with similar properties to the one previously 

developed, but with an EOF that can be easily tuned is developed herein. In the 

Sequential method (Figure 3.1B) a DODAB solution is first flowed through the 

capillary to form the bilayer on the capillary wall through electrostatic 

interactions between the DODAB vesicles and the fused silica wall. This is 

followed by a flow of POE stearate solution, which forms a hydrophilic neutral 

coating on the surface of the cationic bilayer, through hydrophobic interactions 

between the surfactant hydrocarbon chains and the stearate tail, yielding a 

suppressed EOF.   

 With many tunable coatings the adjustable EOF is in response to changes 

in the buffer pH [27-30]. However, pH is an important variable in the 

optimization of a protein separation. Having both the EOF and separation 

selectivity governed by the same variable restricts method development.  The 

EOF can also be tuned using additives such as diethylaminetriamine [31], 

hexamethonium bromide [32], polarizable anions with zwitterionic surfactants 

[21, 33] and surfactant mixtures [20, 34, 35]. However, the addition of additives 

to the buffer may also alter the protein mobility and overall separation. 

 In this chapter we develop semi-permanent DODAB/POE stearate 

sequential coatings for which the EOF can be controlled. The stability, ease of 



 79 

preparation and efficiency of separations of model proteins are used to assess the 

coatings.  The ability to control the EOF enabled the separation of histone protein 

subtypes.  

3.2 Experimental 

3.2.1 Apparatus 

 All CE experiments were performed using a P/ACE 2100 system 

(Beckman Instruments, Fullerton, CA, USA) equipped with a UV absorbance 

detector upgraded to 5000 series optics, or a P/ACE 5500 system with an on-

column diode array UV absorbance detector (Beckman). Detection was performed 

at 214 nm. The data acquisition rate was 5 Hz (P/ACE 2100) or 4 Hz (P/ACE 

5500) and the detector time constant was 0.5 s (P/ACE 2100).  Instrument control 

and date acquisition were controlled using P/ACE station software for Windows 

95 (Beckman). Untreated fused silica capillaries (Polymicro Technologies, 

Phoenix, AZ, USA) with an i.d. of 50 m, o.d. of 360 m, and total length of 67, 

47 or 27 cm (60, 40 or 20 cm to the detector, respectively) were used unless 

otherwise stated. The capillary was thermostated at 25°C. 

3.2.2 Chemicals 

 All solutions were prepared in Nanopure 18 M water (Barnstead, 

Chicago, IL, USA). Buffers were prepared from stock solutions of sodium 

dihydrogen phosphate (BDH, Toronto, ON, Canada), Ultrapure tris 

(hydroxymethyl) aminomethane (Tris; Schwarz/Mann Biotech, Cleveland, OH, 

USA), acetic acid (Caledon Laboratories LTD., ON, Canada) or formic acid (EM 
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Science, Gibbstown, NJ, USA).  Buffer pH was measured using a Corning digital 

pH meter model 445 (Corning, Acton, MA, USA).   

 The cationic surfactant dioctadecyldimethylammonium bromide 

(DODAB) and diblock copolymers polyoxyethylene (POE) 8 stearate, POE 40 

stearate and POE 100 stearate were used as received from Sigma (Oakville, ON, 

Canada). Two mM benzyl alcohol (Aldrich) was used as the neutral EOF marker.  

The proteins lysozyme (chicken egg white), cytochrome c (bovine heart), 

ribonuclease A (bovine pancreas), -chymotrypsinogen A (bovine pancreas), 

trypsin inhibitor (soybean), -lactalbumin (bovine milk) and histone type III-S 

(calf thymus) were used as received from Sigma. 

3.2.3 Preparation of and coating with the surfactant/copolymer solution 

 Two different methods were used to prepare the DODAB/POE stearate 

solutions (Figure 3.1). Both are a variation of the sonicate/stir method used by 

Yassine and Lucy [12]. The first is essentially that described in [24] and is 

referred to as the mixed method herein. In the mixed method, the surfactant salt 

and the copolymer were added together in nanopure water and sonicated 

(Aquasonic 75 HT, VWR Scientific Products, West Chester, PA, USA) for 30 

min at 75°C and then stirred at room temperature for 20 min. This process was 

repeated two to three times until a clear solution was obtained. A new 47 cm 

capillary was rinsed with 0.1 M NaOH for 10 min using high pressure (20 psi, 1 

psi = 68.95 mbar). As depicted in Figure 3.1A, the DODAB/POE stearate mixture 

was then rinsed through the capillary for 20 min (20 psi) to form the coating. 
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Excess coating reagent was removed using a 0.5 min rinse with 50 mM sodium 

phosphate, pH 3 buffer (20 psi, ~1.6 capillary volumes).   

 In the second method (Figure 3.1B), referred to as the sequential method, 

a 0.1 mM solution of DODAB was prepared using the above sonication/stir 

procedure. POE 8, 40 and 100 stearate solutions of a range of concentrations 

(POE 8: 0.001 - 0.01% w/v; POE 40: 0.0004 - 1% w/v; POE 100: 0.0005 - 0.1% 

w/v) were prepared separately with no DODAB, also using the sonicate/stir 

method. New 47 cm capillaries were preconditioned with a 10 min rinse with 0.1 

M NaOH (20 psi). The coating procedure was then (Figure 3.1B): a 10 min flow 

(20 psi) of 0.1 mM DODAB; followed by a 10 min (20 psi) rinse with a POE 

stearate solution of the concentration of interest. A 0.5 min 50 mM sodium 

phosphate, pH 3 buffer rinse was performed to remove unadsorbed coating 

solution from the capillary. 

3.2.4 EOF Measurements 

 Fresh capillaries were used with each new buffer system to avoid 

hysteresis effects. The EOF was measured in two ways [36]. The direct voltage 

method was used to measure EOF whose magnitude was > 1×10-4 cm2/Vs. A 3 s 

hydrodynamic injection of benzyl alcohol at 0.5 psi was followed by the 

application of voltage across the capillary. The EOF was calculated using: 

M

td
eof Vt

LL
     (3.1) 

where Lt and Ld are the total length of the capillary and the capillary length to the 

detector, respectively, V is the voltage applied, and tM is the migration time of the 
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neutral marker. Strongly suppressed EOF (< 1×10-4 cm2/Vs) were measured using 

the 3 injection method of Williams and Vigh [37].   

3.2.5 Protein Separations.  

 The coating procedure for separations using the mixed or the sequential 

coating methods are detailed in Section 3.2.3.  Mixtures of 0.1 mg/mL each of 

lysozyme, cytochrome c, ribonuclease A and -chymotrypsinogen A were 

injected for 3 s at 0.5 psi and separated using +17.5 kV. Efficiencies were 

calculated using the Foley-Dorsey method [38]. 

 For histone separations a new capillary (Ld=60 cm, Lt=67 cm) was 

sequentially coated with 0.1 mM DODAB followed by 0.075% w/v POE 40 

stearate. The capillary was then rinsed with 75 mM Tris formate pH 4.0. The rinse 

and coat times were adjusted from those in Section 3.2.3 based on the increased 

capillary length. A 0.25 mg/mL solution of the histone type III-S was injected 

hydrodynamically (0.5 psi) for 4 s and a voltage of +15 kV was applied. The 

width-at-half-height method was used for the histone separations as the baseline 

was not conducive to efficiency measurements using the Foley-Dorsey method. 

 For separation of acidic proteins, a new capillary (Ld=20 cm, Lt=27 cm) 

was sequentially coated with 0.1 mM DODAB followed by 0.01% POE 8 

stearate. The capillary was then rinsed with 75 mM Tris-acetate with 20 mM 

CaCl2 buffer (20 psi) to remove excess surfactant/copolymer. The rinse and coat 

times were adjusted from those in Section 3.2.3 based on the decreased capillary 

length. A mixture of 0.2 mg/mL trypsin and 0.05 mg/mL -lactalbumin was 

injected hydrodynamically for 4 s at 0.5 psi and separated using -10 kV.  
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3.3 Results and Discussion  

Coatings which prevent analyte adsorption while simultaneously allowing 

control of the EOF are highly desirable for protein separations in CE. A 

hydrophilic coating that yields a suppressed EOF can be generated by flushing a 

capillary with a mixture of the surfactant dioctadecyldimethylammonium bromide 

(DODAB) and the diblock copolymer polyoxyethylene stearate (Mixed method in 

Figure 3.1A) [24]. The resultant DODAB/POE 40 stearate coating resulted in a 

suppressed EOF and was effective for separating both acidic and basic proteins 

with efficiencies of up to 1 million plates/m [24]. However, while this coating 

was highly effective, the magnitude and direction of the suppressed EOF depends 

on the rinse time and the concentration of POE stearate [24]. For instance the 

open squares in Figure 3.2 show the effect of POE 40 stearate concentration 

mixed with 0.1 mM DODAB on the EOF at pH 3. Significant and unpredictable 

variation of the EOF is observed [26]. Coatings prepared using the mixed method 

showed similar unpredictable variation in EOF at pH 7.4 and pH 10. At all pH 

studied, POE 40 stearate concentrations of ≥ 0.75% resulted in strong cathodic 

EOF. It is hypothesized that in mixtures of POE stearate and DODAB, the POE 

extends from the surface of the vesicle.  As the concentration of the POE stearate 

increases, the POE interferes with adherence of the DODAB to the walls.  

Regardless of the cause, systematic control of the EOF was difficult using the 

mixed method [26]. 
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3.3.1 EOF of sequential DODAB/POE stearate coatings 

 To improve control of the EOF a sequential coating method was 

developed (Figure 3.1B).  First the capillary is rinsed with a DODAB solution to 

form a bilayer which results in a strongly anodic EOF [12, 16, 19]. The DODAB 

bilayer forms the anchor for the hydrophilic coating.  Next the capillary is flushed 

with a solution of POE stearate. The hydrophobic stearate anchors into the 

hydrophobic interior of the bilayer. The hydrophilic POE block extends into 

solution above the bilayer yielding a strongly suppressed EOF [24].  Formation of 

the DODAB/POE stearate coating in this sequential manner (solid squares, Figure 

3.2) results in a constant -0.3×10-4 cm2/Vs (i.e., suppressed) EOF  for > 0.01% 

POE 40 stearate, independent of the concentration of POE 40 stearate.   

 The magnitude of the EOF from a DODAB/POE stearate coating formed 

in this sequential manner can be varied by changing the length of the POE block.  

Increasing the POE chain length from 8 to 40 units results in a weaker anodic 

EOF (Table 3.1). This decrease in EOF is consistent with the observation that as 

the maximum end-to-end distance of a linear polymer chain increases, the EOF 

within the capillary decreases significantly [39]. Similarly, EOF in the presence of 

a long chain polydimethylacrylamide (PDMA) coating was 10-fold more 

suppressed compared to a short chain PDMA coating [40, 41].  POE suppresses 

the EOF by shielding the capillary inner surface charge and/or increasing the 

viscosity of the solution [41, 42] in close proximity to the capillary wall (see 

Equation 1.3). 

 



 85 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: EOF stability for mixed and sequential coating methods using 0.1 
mM DODAB/POE 40 stearate. 

Experimental conditions: Applied voltage: -15 kV for sequential coating (■) 
and ±15 kV for the mixed coating (□); 47 cm  50 m i.d. capillary (40 cm to 
detector); 50 mM sodium phosphate buffer, pH 3.0; , 214 nm; 2 mM benzyl 
alcohol injected for 3 s at 0.5 psi; temperature, 25C; .  Error bars represent the 
standard deviation. 
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3.3.2 Temporal coating studies  

Drummond et al. studied the interaction of a trimeric surfactant and POE 

100 stearate with mica surfaces [43]. The exchange of the copolymer molecules 

with the cationic surfactant molecules was observed to be a slow process.  

Therefore, the kinetics of formation of a sequential DODAB then POE stearate 

coating was monitored in a similar fashion to that used in previous studies of the 

desorption of didodecyldimethylammonium bromide (DDAB) [44] and 

adsorption of phospholipids [22].  

 A new 47 cm capillary was coated with 0.1 mM DODAB for 10 min.  

POE stearate solution was flowed through the DODAB coated capillary for 0.5 

min, followed by a 0.5 min 50 mM sodium phosphate pH 3 buffer rinse to remove 

any excess coating material. Benzyl alcohol was injected and the EOF was 

determined. Subsequent runs were carried out in which the capillary was rinsed 

for increasingly longer periods of time with copolymer followed by 0.5 min with 

buffer. 

 Figures 3.3 to 3.5 shows the results of the coat time studies for different 

concentrations of POE 8, POE 40 and POE 100 stearate sequentially coated on 

0.1 mM DODAB coated capillaries. Prior to flowing POE stearate through the 

capillary (time = 0), the capillary possesses a DODAB bilayer coating, with a 

strongly anodic EOF (µeof,DODAB).  Upon rinsing the DODAB coated capillary with 

POE stearate, the EOF gradually becomes more attenuated until it reaches the 

suppressed EOF characteristic of a fully formed DODAB/POE stearate coating 
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(µeof, DODAB+POE stearate). The curves in Figures 3.3 to 3.5 were fit to the first order 

kinetic expression: 

 



eof eof ,DODAB  ((eof ,DODAB POEstearate eof ,DODAB )*(1e
kt ))       (3.2)  

using Prism (version 4.00, GraphPad Software Inc., San Diego, CA, USA) where 

µeof is the observed EOF and k is the rate constant for the decrease in magnitude 

of anodic EOF.  As shown in Table 3.1,  in all but one case Equation 3.2 fit the 

data with correlation coefficients (r2) greater than 0.98. The EOF stabilizes  more 

quickly with higher copolymer concentration (i.e., higher k in Table 3.1). The 

trend is similar to that observed for formation of phospholipid bilayer coatings 

[22].  

 Table 3.1 also shows that for a given concentration, EOF stabilizes  more 

quickly with longer POE than their shorter chain counterparts. For example at 

0.5×10-4 M POE stearate, the rate constant is almost two orders of magnitude 

greater for POE 40 stearate than POE 8 stearate. This is reflected in Figure 3.4 by 

the earlier stabilization of the EOF compared to Figure 3.3. When comparing 

0.02×10-4 M POE 40 and POE 100 stearate, the  EOF stabilized three times faster 

with POE 100 stearate. All further studies were conducted using POE stearate 

concentrations and rinse times that yield a saturated surface. 
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Figure 3.3: Effect of POE 8 stearate concentration on the intercalation rate into 
the DODAB bilayer. Concentrations used: 0.01% (1.6x10-4 M) (■) and 0.003% 
(0.5x10-4 M) (△).  
Experimental conditions: DODAB concentration, 0.1 mM; applied voltage, -15 
kV; 47 cm  50 m i.d. capillary (40 cm to detector); 50 mM sodium phosphate 
buffer, pH 3.0; , 214 nm; 2 mM benzyl alcohol injected for 3 s at 0.5 psi; 
temperature, 25C; data is fit to Equation 3.2. 
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Figure 3.4: Effect of POE 40 stearate concentration on the intercalation rate into 
the DODAB bilayer. Concentrations used:  0.01% (0.5x10-4 M) (□), 0.006% 
(0.3x10-4 M) (▲), 0.002% (0.1x10-4 M) (∇), and 0.0004% (0.02x10-4 M) (●).   
Experimental conditions: DODAB concentration, 0.1 mM; applied voltage, -15 
or -17.5 kV; 47 cm  50 m i.d. capillary (40 cm to detector); 50 mM sodium 
phosphate buffer, pH 3.0; , 214 nm; 2 mM benzyl alcohol injected for 3 s at 0.5 
psi; temperature, 25C; data is fit to Equation 3.2. 
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Figure 3.5: Effect of POE 100 stearate concentration on the intercalation rate into 
the DODAB bilayer. Concentrations used 0.0009% (0.02x10-4 M) (▼) and 
0.0005% (0.01x10-4 M) (■) POE 100 stearate.  
Experimental conditions: DODAB concentration, 0.1 mM; applied voltage, -15 
kV; 47 cm  50 m i.d. capillary (40 cm to detector); 50 mM sodium phosphate 
buffer, pH 3.0; , 214 nm; 2 mM benzyl alcohol injected for 3 s at 0.5 psi; 
temperature, 25C; data is fit to Equation 3.2. 
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Table 3.1: EOF Mobility, Rate Constant and Correlation Coefficient for 
sequential DODAB then POE stearate coatings a 
 

Stearate 
Copolymer 

Copolymer 
Concentration 

% w/v, (x10-4M)   

µeof,DODAB 
(10-4 

cm2/Vs) 

µeof,DODAB + POE 
(10-4 cm2/Vs)b 

k (10-3 s-1)c 
 

r2 

POE 8  0.003 (0.5) -4.0 -2.40 (±0.01) 3.1 (±0.2) 0.980 
POE 8  0.01 (1.6) -4.4 -2.37 (±0.01) 16.5 (±2.4) 0.938 

POE 40  0.0004 (0.02) -4.4 -0.50 (±0.01) 1.6 (±0.1) 0.992 
POE 40  0.002 (0.1) -4.1 -0.47 (±0.004) 12.0 (±0.8) 0.981 
POE 40 0.006 (0.3) -3.7 -0.37 (±0.002) 46.9 (±1.7) 0.998 
POE 40  0.01 (0.5) -4.0 -0.44 (±0.01) 116.2 (±3.8) 0.999 
POE 100  0.0005 (0.01) -3.8 -0.24 (±0.03) 0.9 (±0.0) 0.999 
POE 100  0.0009 (0.02) -3.6 -0.17 (±0.005) 7.7 (±0.6) 0.988 

 

a All capillaries are first coated with 0.1 mM DODAB then POE Stearate; 50 mM 
sodium phosphate buffer, pH 3.0, 40/47 cm capillary. 

b Standard deviation in brackets 
c Standard error (i.e., standard deviation divided by square root of the number of 

replicates) in brackets 
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3.3.3 Adjustable EOF with DODAB/POE stearate coatings.   

The ability to control the magnitude of the EOF is important in optimizing 

separations [21, 27, 29-31, 33-35, 45]. The EOF of the DODAB/POE stearate 

coating (µeof, DODAB+POE stearate) is suppressed as the length of the POE block 

increases (Table 3.1). However, a discrete EOF is observed for each length of 

POE stearate. In theory very fine control of the EOF could be achieved using a 

series of POE stearate differing by one POE monomer unit. However, POE 

stearate is polydisperse. For example, the POE block of commercial POE 50 

stearate ranges in size from 39 to 57 oxyethylene units [46]. Therefore, it is not 

feasible to vary the POE block size by one POE moiety. 

 Previous studies [33-35, 45] have achieved EOF control by mixing two 

discrete additives, each of which has an intrinsic and different EOF, e.g., 

anionic/cationic surfactant mixtures [34, 35, 45] and zwitterionic/cationic 

surfactant mixtures [33]. In a similar manner the EOF can be fine-tuned using 

mixtures of two POE stearate copolymers (Figure 3.6). The capillary was first 

coated with DODAB and then rinsed with a mixture of POE 8 and POE 40 

stearate. The POE 8 stearate concentration was kept constant at 0.01% w/v and 

the POE 40 stearate concentration was varied.   

A similar study was carried out using POE 40 and POE 100 stearate.  

However since both additives individually yield a strongly suppressed EOF, the 

EOF could only be varied from -0.36x10-4 cm2/Vs to -0.25x10-4 cm2/Vs over the 

POE 100 stearate range of 0.00002% to 0.1% w/v (POE 40 stearate constant at 

0.001% w/v).  The narrowness of this range precluded further study. 
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Figure 3.6: EOF vs. POE 40 stearate concentration on a capillary first coated 
with 0.1 mM DODAB followed by coating with a mixture of 0.01% POE 8 
stearate and POE 40 stearate. 
Experimental conditions: applied voltage, -15 kV; 47 cm  50 m i.d. capillary 
(40 cm to detector); 50 mM sodium phosphate buffer, pH 3.0; , 214 nm; 2 mM 
benzyl alcohol injected for 3 s at 0.5 psi; temperature, 25C.  Error bars represent 
the standard deviation. 
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3.3.4 Protein Separations 

3.3.4.1 Separation of basic proteins 

 The performance of coatings prepared using the sequential method was 

compared with similar coatings formed using the mixed method. The coating 

stability was monitored by successive injection of a sample of four basic proteins 

with no recoating performed between successive runs.   

 Figure 3.7 shows the separation of four basic proteins on a sequentially 

coated capillary. 0.1 mM DODAB was flowed through the capillary followed by 

0.075% w/v POE 40 stearate (Sections 3.2.3 and 3.2.5). The average efficiencies 

of the sequential method (Table 3.2) were 30% higher than for a comparable 

mixed coating. Also, the sequential coating method resulted in greater coating 

stability than that of a comparable coating formed using the mixed method. Using 

the mixed method, a detectable drift in migration times was observed over 14 

replicate runs without recoating, leading to migration time RSDs of 2.4-4.6%. For 

the sequential coating, migration time RSDs of 0.7-1.0%   was observed over 30 

replicate runs.    

 After performing 30 runs on the sequentially coated capillary, the coating 

was removed by flushing the capillary with methanol for 10 min at 20 psi. The 

sequential coating was regenerated using the procedure in Section 3.2.3. The 

regenerated sequential coating yielded migration times, peak areas and 

efficiencies that were the same to those obtained using first-time coated 

capillaries. 



 95 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Representative separations of basic proteins on a sequential 0.1 mM 
DODAB then 0.075% POE 40 stearate coating with no recoating between 30 
runs. 
Experimental conditions: applied voltage, +17.5 kV; 47 cm  50 m i.d. 
capillary (40 cm to detector); 50 mM sodium phosphate buffer, pH 3.0; , 214 
nm; 0.1 mg/mL protein sample injected for 3 s at 0.5 psi; temperature, 25C. 
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Table 3.2: Efficiency ranges and EOF values for basic proteins separated on 
sequential 0.1 mM DODAB then POE 40 stearate coatings  
 

Coating a µeof,DODAB + POE N, plates/m (x103) (Foley-Dorsey) 
 (x 10-4 cm2/Vs) cyt c lys RNase A -chym 

0.01% POE 40 stearate -0.44 ± 0.01 310 1 200 580 680 
0.05% POE 40 stearate -0.36 ± 0.006 360 1 180 680 870 
0.075% POE 40 stearate  800b 760 b 820 b 940 b 
0.1% POE 40 stearate -0.33 ± 0.009 530b 1 100 690 1 040 

0.25% POE 40 stearate -0.31 ± 0.004 430b 1 020 720 910 
0.5% POE 40 stearate -0.30 ± 0.003 420b 900 750 870 
1% POE 40 stearate -0.31 ± 0.005 320b 1 040 680 850 

 

a All capillaries are first coated with 0.1 mM DODAB then POE 40 stearate; 50 
mM sodium phosphate buffer, pH 3.0, 40/47 cm capillary, 0.1 mg/mL proteins 
b Calculated using width-at-half-height method. 
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 The separation of the four standard basic proteins was carried out on 

coatings using a range of POE 40 stearate concentrations (0.01 - 1% w/v) 

prepared using the sequential coating method (Table 3.2). The efficiencies 

achieved are essentially independent of the POE stearate concentration. The 

efficiencies are consistently higher than those obtained from separations on a 

coating formed using the mixed method. These results indicate that better 

separations of basic proteins are obtained on the sequentially coated capillaries.           

3.3.4.2 Histone Separations  

 Histones are the major structural proteins of chromatin, which packs DNA 

into higher order structures to accommodate the full genome [47, 48]. There are 

several different classes of histones, based on their lysine and arginine content.  

Within these classes there are several variants or subtypes, comprised of different 

amino acid sequences [49]. Histones are subject to an enormous number of 

posttranslational modifications, including acetylation and methylation [50]. 

Histone type III-S from calf thymus is studied in this work. This histone is lysine 

rich and mainly H1 in character [51]. CE can be a useful method to separate 

individual histones if an effective coating is used to prevent their adsorption onto 

the capillary wall [47, 52, 53].  Aguilar et al. separated histone type III-S from 

calf thymus on a hydroxypropylmethylcellulose (HPMC) coated capillary and 

observed one broad peak [47]. Thus resolution of the histone subtypes is a 

functional measure of the effectiveness of a CE coating. Recently, histone type 

III-S from calf thymus was separated into three H1 subtypes at pH 4.0 using a 

zwitterionic phospholipid coating [22]. Figure 3.8 shows resolution of nine 
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possible histone subtypes using a sequential 0.1 mM DODAB then 0.075% POE 

40 stearate coating (Sections 3.2.3, 3.2.5).  As noted previously, when the EOF is 

suppressed the protein mobilities are able to come to the forefront, enabling 

greater resolution. As the EOF on this coating was both suppressed and reversed, 

six more peaks were visible than on the phospholipid coating, which had a 

suppressed normal EOF.  

 The first run for all sets of histone separations had low peak areas.  

Similarly with the phospholipid coating poor resolution and low peak areas were 

observed on the first run of histones [22]. Subsequent runs on the sequential 0.1 

mM DODAB then 0.075% POE 40 stearate coating resulted in efficiencies as 

high as 1.2 million plates/m. To determine whether this improvement in peak 

areas for the subsequent runs is due to voltage application or protein injection, 

voltage was applied as a pretreatment step before injection of the analytes. Peaks 

areas for the separated proteins in first run after 100 min voltage application were 

equivalent to those without voltage application. Possibly, the first injection of the 

proteins blocks the few remaining active sites enabling subsequent runs to be 

performed with high recovery.  The third, fifth and ninth runs are shown in Figure 

3.8 as they are representative of all of the separations. The migration time RSDs 

were ≤ 0.5% (n=9), which are comparable to those obtained on the phospholipid 

coating. 

Comparable results were obtained for the histone separation using the 

mixed coating (Figure 3.9). Similar to the sequential method, low peak areas were 

observed for proteins in the first run. Subsequent runs on the mixed 0.1 mM  
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Figure 3.8: Histone type III-S separation on a 0.1 mM DODAB then 0.075% 
POE 40 stearate sequentially coated capillary. 
Experimental conditions: applied voltage, +15 kV; 67 cm  50 m i.d. capillary 
(60 cm to detector); 75 mM Tris formate buffer, pH 4.0; , 200 nm; 0.25 mg/mL 
histone type III-S injected for 4 s at 0.5 psi; temperature, 25C. 
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Figure 3.9: Histone type III-S separation on a 0.1 mM DODAB/0.075% POE 40 
stearate mixed coated capillary. 
Experimental conditions: applied voltage, +15 kV; 67 cm  50 m i.d. capillary 
(60 cm to detector); 75 mM Tris formate buffer, pH 4.0; , 200 nm; 0.25 mg/mL 
histone type III-S injected for 4 s at 0.5 psi; temperature, 25C 
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DODAB/0.075% POE 40 stearate coating resulted in efficiencies of 1.1 million 

plates/m. The migration time RSDs were ≤ 0.2% (n=5). While the performance of 

the two methods for the histones is comparable, the sequential method provides 

more predictable and stable EOF, and thus is more easily optimized. 

3.3.4.3. Separation of acidic proteins 

Figure 3.10 shows the separation of two acidic proteins on a sequentially 

coated capillary. DODAB (0.1 mM) was flowed through the capillary followed by 

0.01% POE 8 stearate at pH 6.4 (eof = -1.0×10-4 cm2/Vs). Calcium was added to 

the run buffer to reduce the electrostatic interaction of the acidic proteins with any 

exposed DODAB [26]. Trypsin and -lactalbumin were separated with efficiency 

of 350 000 plates/m for -lactalbumin. 
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Figure 3.10: Separation of two acidic proteins on a 0.1 mM DODAB then 0.01% 
POE 8 stearate sequentially coated capillary.  
Experimental conditions: applied voltage, -10 kV; 27 cm  50 m i.d. capillary 
(20 cm to detector); 75 mM Tris-acetate with 20 mM CaCl2 buffer, pH 6.4; , 214 
nm; 0.2 mg/mL trypsin and 0.05 mg/mL -lactalbumin injected for 4 s at 0.5 psi; 
temperature, 25C. 
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3.4 Conclusions   

 A coating prepared from DODAB and POE stearate was demonstrated to 

effectively prevent protein adsorption and tune the EOF. A sequential rather than 

mixed method for coating preparation produces a more predictable EOF and a 

more stable coating that can separate basic proteins with higher average 

efficiency. The EOF was tunable by varying the POE chain length, and by mixing 

copolymers of different POE lengths. A tunable EOF (-2.40 to -0.17 x10-4 

cm2/Vs) was achieved by varying the POE chain length (8, 40 and 100 

oxyethylene units). Mixtures of POE 8 and POE 40 stearate enabled continuous 

variation in EOF from -2.44 to -0.42 x10-4 cm2/Vs. Separations of basic proteins 

yielded efficiencies of 760 000 – 940 000 plates/m. Histone proteins can be 

separated with high efficiency into a nine subtypes on coatings formed using the 

sequential method. Acidic proteins are separated on a sequentially coated 

capillary at pH 6.4. 

 The sequential coating has also been applied successfully to capillary 

isoelectric focusing [54]. This will be discussed in Chapter Four. In addition, the 

sequential coating has been applied to kinetic CE analysis [55]. Interestingly, 

Krylov and coworkers observed moderately suppressed anodic EOF with a 

DODAB/POE 8 stearate coating at pH 3.0 and a moderately suppressed cathodic 

EOF using various buffers near physiological pH [55]. Similarly, Kawai et al. 

observed a steady transition in EOF for a DODAB/POE 40 stearate coating from 

suppressed anodic at pH 3.0 to suppressed cathodic at pH 7.0 using phosphate 

buffers [56]. This trend of EOF transition will be studied in  Chapter Five. 
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Chapter Four: A versatile semi-permanent sequential 

bilayer/diblock copolymer coating for capillary isoelectric 

focusing* 
4.1 Introduction 

 Capillary Isoelectric Focusing (cIEF) is a high resolution electrophoretic 

technique used for the separation of protein variants [1-3], determination of 

impurities within therapeutic proteins, analysis of protein-ligand interaction [4], 

determination of the isoelectric point of proteins [5] and proteomic  analyses [6]. 

The capillary format of IEF offers several advantages over traditional slab gel IEF 

including ease of automation, faster analysis time, smaller sample requirements 

and online detection [7-9]. One challenge to performing cIEF of proteins is their 

adsorption onto the silica capillary. Adsorption in CE results in broader peaks 

[10], poor migration time reproducibility [11] and low sample recovery [12]. 

Thus, the use of a coated capillary is necessary to minimize sample adsorption. In 

addition, the subtle differences in the pI values of protein variants require a 

suppressed and well tuned electroosmotic flow (EOF). Thus an ideal coating for 

cIEF should: (1) minimize solute-wall interactions; and (2) suppress the EOF to 

allow sufficient time for complete focusing. 

__________________________________ 

*A version of this chapter has been published as Mahmoud F. Bahnasy and 
Charles A. Lucy, "A versatile semi-permanent coating for capillary isoelectric 
focusing", J. Chromatogr. A, 1267, 89-95, 2012. 
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 cIEF may be performed in three ways: two-step; single-step; and whole-

column imaging detection. Figure 4.1 shows a schematic for two-step and single-

step cIEF procedures. In both cases, the capillary is filled with a mixture of the 

sample and ampholytes. Upon application of the voltage, a pH gradient is 

established inside the capillary and the sample components are focused along the 

capillary according to their isoelectric points. The EOF needs to be suppressed 

during the focusing step to allow for complete focusing. In order to be detected, 

the focused sample components need to be transported along the capillary to pass 

the online detection window. The traditional two-step cIEF was developed by 

Hjertén and co-workers [13]. Coated capillaries with strongly suppressed EOF 

(0.05-0.20 × 10-4 cm2/Vs [14, 15]) are required to ensure that the proteins do not 

migrate out of the capillary during the focusing step. Then, the focused proteins 

are mobilized towards the detector either hydrodynamically via pressure 

mobilization [16, 17] or electrokinetically using chemical mobilization [1]. In 

single-step cIEF, capillaries with a moderate EOF are used. This allows for 

simultaneous focusing and transport [18, 19]. Finally, in the whole-column 

imaging detection (WCID)-cIEF method the entire length of the capillary is 

detected, eliminating the need for the mobilization step [4, 20]. As WCID-cIEF 

requires custom instrumentation, this chapter will focus on the single-step and 

two-step focusing methodologies. 

 Bare silica capillaries cannot be used for cIEF separations since the 

strong EOF will flush the ampholytes and sample out of the capillary before 
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Figure 4.1: Schematic of single-step and two-step cIEF procedures.
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focusing is complete. A variety of capillary coatings have used to suppress or 

eliminate the EOF for cIEF. Often, permanent covalent coatings [15, 16] are used 

but these are time consuming and labor intensive to prepare, expensive to 

purchase, and difficult to regenerate. The high cost of the commercial coated 

capillaries and the need for multiple capillaries due to protein precipitation and 

capillary clogging may lead to expensive analyses particularly during method 

development. In addition, one is limited to the dimensions of commercially coated 

capillaries (typically only available in 50 m i.d.). These limitations call for the 

development of a versatile capillary coating compatible with cIEF separations. 

Dynamically coated capillaries [18, 21] have also been used for cIEF. Dynamic 

coatings are easy to prepare, but they lack the coating stability and consistent EOF 

of covalent coatings [8] and require extensive capillary conditioning to improve 

reproducibility [14].  

 Our group has recently developed a semi-permanent sequential 

hydrophilic coating (see Figure 3.1B) that yields a moderately suppressed to 

strongly suppressed EOF based on simply rinsing the capillary with two 

successive solutions [22, 23]. First, the capillary is rinsed with the cationic 

surfactant dioctadecyldimethylammonium bromide (DODAB) [22]. The DODAB 

has the correct packing factor to form a bilayer [24, 25] on the inner surface of the 

capillary. Next a solution of the neutral diblock copolymer polyoxyethylene 

(POE) stearate is flushed through the DODAB coated capillary. The hydrophobic 

portion of the diblock copolymer inserts into the DODAB bilayer, leaving the 

hydrophilic POE moieties protruding into the surrounding solution. A tunable 
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EOF (−2.40 to −0.17×10−4 cm2/Vs) can be achieved by varying the POE chain 

length from 8, to 100 oxyethylene units [22]. A sequential coating rather than 

mixed coating (prepared by mixing DODAB and POE stearate in the same 

solution) resulted in more predictable EOF, better coating stability and higher 

separation efficiencies [22, 23]. The sequential coating has been used successfully 

for CZE of basic, acidic and histone proteins [22] and for kinetic CE analysis 

[26]. In this chapter, we investigate the application of the sequential DODAB-

POE stearate coating to cIEF separations. The ease of control of the magnitude of 

the suppressed EOF makes this coating appropriate for both single-step and two-

step cIEF.   

4.2 Experimental 

4.2.1 Apparatus 

 All capillary electrophoresis experiments were conducted on a Hewlett 

Packard 3DCE instrument equipped with a UV absorbance detector. Data 

acquisition at 10 Hz was carried out on a computer running HP 3DCE 

ChemStation. Untreated fused silica capillaries were obtained from Polymicro 

Technologies (Phoenix, AZ, USA). Unless otherwise stated, the capillaries were 

50 µm i.d., 360 µm o.d., with a total length of 48.5 cm (40 cm to the detector). 

The cartridge aperture was 100 × 200 µm, and the capillary was thermostated at 

25°C. An external nitrogen tank was used for high pressure rinses and injections. 
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4.2.2 Chemicals 

All solutions were prepared in Nanopure 18 M water (Barnstead, 

Chicago, IL, USA). The cationic surfactant dioctadecyldimethylammonium 

bromide (DODAB) and diblock copolymers polyoxyethylene (POE) 40 stearate, 

and POE 100 stearate were used as received from Sigma (Oakville, ON, Canada). 

cIEF Gel Polymer solution; a mixture of ethylene glycol and poly-ethyleneoxide 

in water (p/n 477497) and pI Marker Kit (p/n A58481) were obtained from 

Beckman Coulter (Brea, CA, USA). This marker kit contains synthetic peptide 

markers with pI values of: 7.0 (Trp-Glu-His-Arg), 5.5 (Trp-Glu-His) and 4.1 

(Trp-Asp-Asp-Arg); all contain tryptophan and are compatible with UV 

absorption at 280 nm [27]. Another set of pI markers with pI values of: 8.40, 7.65, 

7.05 and 6.61 were obtained from Protein Simple (Toronto, Canada) of which the 

7.65 and 6.61 pI markers absorb at both 280 nm and 420 nm which assists in 

tracking these markers. L-Arginine, iminodiacetic acid, sodium hydroxide, 

Ampholyte® 3-10 (10043), Ampholyte® 5-8 (10049) and the proteins 

Hemoglobin A (HbA0, H0267), Hemoglobin S (HbS, H0392) were used as 

received from Sigma (St. Louis, MO, USA). Phosphoric acid and acetic acid were 

obtained from Caledon Laboratories Ltd. (Georgetown, ON, Canada). 

4.2.3. Methods 

             DODAB and POE stearate coating solutions were prepared using the 

sonicate/stir method [28].  For the surfactant solution, DODAB was dissolved in 

water and sonicated for 30 min at 60 C and then stirred for 15 min. Two 

sonication/stir cycles were used. The DODAB solution was then allowed to cool 



 113 

to room temperature before use. POE stearate (POE 40 or POE 100) solutions 

were also dissolved in water, and treated using the same sonicate/stir procedure. 

Fresh solutions were prepared on the day of coating a new capillary. Capillaries 

are sequentially coated with DODAB then POE stearate of interest according to 

the procedure in Section 3.2.3 . 

 Based on the systematic studies performed to optimize cIEF method 

parameters in the work of S. Mack et al. [29] and [30], the anolyte was 200 mM 

phosphoric acid, the catholyte was 300 mM NaOH, and the chemical mobilizer 

was 350 mM acetic acid. Solutions of 0.5 M arginine and 0.2 M iminodiacetic 

acid were used as cathodic stabilizer and anodic stabilizer, respectively. Cathodic 

and anodic stabilizers are added as sacrificial ampholytes to minimize the effect 

of cathodic and anodic drift and to prevent the loss of carrier ampholytes or 

analytes of interest during sample focusing [29]. An applied voltage of +25 kV 

was used for both the focusing and mobilization steps.  

 Between successive runs, the capillary was rinsed at high pressure (2 bar) 

using 4.3 M urea for 5 min, followed by nanopure water for 5 min, and then 

finally with the cIEF gel for 5 min.  

Samples contained 8 µL of 0.2 M iminodiacetic acid, 36 µL of 0.5 M L-

arginine, 2-8 µL of standard pI markers of interest and 1.25, 2.5 or 5% v/v of the 

carrier ampholytes. Samples were diluted to a final volume of 500 µL using the 

cIEF gel polymer solution. Samples were injected at 3 bar pressure for 3 min. For 

samples containing hemoglobins, lyophilized HbA0 and HbS were rehydrated 
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with 2.0 mL of water, and divided into several individual aliquots and stored at -

20°C. As sample is needed, aliquots of both Hb isoforms were thawed and 3 µL 

of each solution were mixed with the other components of the cIEF sample as 

stated above and diluted to a final volume of 500 µL using the cIEF gel polymer 

solution. 

4.3 Results and Discussion  

 cIEF is a special mode of capillary electrophoresis used for the separation 

of amphoteric compounds such as protein isoforms [1, 3, 31, 32]. A capillary is 

filled with a mixture of proteins and carrier ampholytes. Upon application of a 

high electric voltage across the capillary the ampholytes migrate to generate a pH 

gradient along the length of the capillary. The charge of the protein decreases as it 

moves along the pH gradient until the protein reaches a region where the pH 

matches its pI and its mobility becomes zero. Thus, amphoteric sample 

components are focused at different points along the capillary length according to 

their pI. Significant time is necessary for this focusing step, meaning that the EOF 

within the capillary needs to be suppressed. Capillary coatings are used to both 

suppress the EOF and to prevent protein adsorption.  Once focusing is complete, 

either a single-step or two-step methodology can be used to move the focused 

sample zones toward the detector so that they can be measured and recorded. A 

moderately suppressed EOF is required for the single-step methodology while a 

strongly suppressed EOF is needed for the two-step cIEF method.  
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In this chapter we introduce a versatile semi-permanent coating that is 

compatible with both single-step and two-step cIEF separations. The sequential 

coating is easy to prepare, cost effective and provides the combined stability of 

cationic surfactant coatings and the suppressed EOF of neutral polymer coatings. 

A series of peptide markers whose pI values are distributed over the pH range 3-

10 are used to assess the performance of the DODAB/POE stearate sequentially 

coated capillaries and track the linearity of the pH gradient.   

4.3.1. Preliminary optimization of ampholyte concentration 

A steady and stable pH gradient is critical during the focusing step. The 

pH gradient is stabilized by the presence of carrier ampholytes; a mixture of 

zwitterionic compounds that possess a good buffering capacity and conductivity. 

Resolution can be enhanced by increasing the number of carrier ampholytes 

focused between two analytes. This can be achieved by increasing the 

concentration of the carrier ampholytes [33]. However, a higher concentration of 

the carrier ampholytes increases the background signal, increases the initial 

current which causes Joule heating induced band broadening and can result in 

protein precipitation [33]. 

 Here we studied the effect of varying the ampholyte concentration on the 

resolution of 6 peptide markers. Increasing the ampholyte concentration from 1.25 

to 2.5% v/v resulted in more extended separation window for a DODAB/POE 40 

coated capillary (Figure 4.2). The average peak width (at 50% of peak height) of 

the 6 peptide markers is 0.033 pH unit for 1.25% v/v ampholytes and 0.028 for  



 116 

 

Figure 4.2: cIEF separation of 6 peptide markers on a 0.1 mM DODAB /0.075% 
POE 40 stearate coated capillary using: a) 1.25% v/v; or b) 2.5% v/v carrier 
ampholytes. 

Experimental conditions: 48.5 cm  50 m i.d. capillaries (40 cm to detector); 
temperature, 25C; , 280 nm. Samples contained 1.25 or 2.5% v/v of the carrier 
ampholytes pI 3-10; 8 µL of 0.2 M iminodiacetic acid; 36 µL of 0.5 M L-arginine 
and 6 peptide markers 8.40 (8 µL), 7.65 (3 µL), 7.05 (5 µL), 6.61 (2 µL), 5.5 (5 
µL) and 4.1 (5 µL). Sample was diluted to a total volume of 500 µL with cIEF gel 
and injected into the capillary at 3 bar pressure injection for 3 minutes. Sample 
was focused for 10 minutes at +25 kV using 200 mM phosphoric acid as anolyte 
300 mM sodium hydroxide as catholyte then chemically mobilized at +25 kV 
using 350 mM acetic acid instead of sodium hydroxide. 
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2.5% ampholytes. Similar increase in resolution with increased Pharmalyte™ 8-

10.5 concentration from 2 to 6% v/v has been reported [1]. In our work, further 

increase in the ampholyte concentration to 5% v/v resulted in a narrower  

separation window and a high absorbance background. Thus 2.5% v/v ampholytes 

was chosen as the optimum ampholyte concentration.  

4.3.2. Single-step cIEF      

 In single-step cIEF, the capillary is initially filled with sample-ampholyte 

mixture and then the high voltage is applied. Both focusing and transport of the 

sample components occurs simultaneously. To achieve EOF-driven transport of 

the sample components, a coated capillary with a moderately suppressed EOF is 

needed to mobilize the focused zones past the UV detection window during the 

focusing step [8, 9, 18]. Use of single-step cIEF rather than two-step cIEF 

simplifies the experimental procedure, reduces the analysis time, and minimizes 

the possibility of peak distortion and broadening during mobilization. 

Dynamically coated capillaries using additives such as methyl cellulose [18, 34], 

hydroxypropylmethylcellulose [19] and glycerol [35] have been used for single-

step cIEF of proteins and the neutral hydrophilic polymer polyethylene glycol ( 

PEG) has been used for the separation of microbial cells [21]. For PEG to be 

effective, it was dissolved in the catholyte, in the anolyte and in the injected 

sample [21]. Herein we introduce a semi-permanent coating for single-step cIEF 

which is easy to prepare and offers higher stability compared to previous dynamic 

coatings.  
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As both the focusing and mobilization steps occur within an ampholyte 

filled capillary in single-step cIEF, it is impossible to directly measure the EOF.  

However, the EOF observed in past CZE studies using DODAB/POE 40 can be 

used as a guide for cIEF method development.  In 50 mM sodium phosphate pH 

3.0 buffer, the 0.1 mM DODAB/0.075% w/v POE 40 stearate provided a 

moderately suppressed EOF of -0.34 x 10-4 cm2/Vs [22] that should be compatible 

with single step-cIEF separations. Similarly, Krylov et al. observed reversed 

moderately suppressed EOF with a DODAB/POE stearate coating using 50 mM 

sodium phosphate pH 3.0 buffer, and normal moderately suppressed EOF using 

different buffer types near physiological pH [26]. Under the cIEF experimental 

conditions in this manuscript, a positive polarity was required to move the sample 

components towards the detection window. Figure 4.3 shows the separation of 6 

peptide pI markers on a DODAB/POE 40 stearate coated capillary using 2.5% v/v 

of pH 3-10 carrier ampholyte. Similarly, Figure 4.4 uses the narrower range 5-8 

ampholytes to separate a set of 5 peptide pI markers including markers for pI 7.05 

and 7.0.  Resolution in cIEF is governed by [9]: 

                                   Rs α [E  L/ Δ(pH)total]1/2                                (4.1) 

where E is the field strength (V/cm), L is length of pH gradient (equal to total 

length of the separation capillary) and Δ(pH)total  is the width of the pH gradient 

used, e.g. Δ(pH)total  equals 7 for a pH 3-10 gradient and equals 3 for a pH  5-8 

gradient. The use of narrower range ampholytes 5-8 in Figure 4.4 enhances the 

resolution and enables the separation of the two markers at pI 7.0 and 7.05. It 

should be noted however that these two markers are from different suppliers.  
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Figure 4.3: Single-step cIEF separation of 6 peptide markers on a 0.1 mM 
DODAB /0.075% POE 40 stearate sequentially coated capillary using 2.5% v/v of 
the carrier ampholytes pI 3-10. 

Experimental conditions: 48.5 cm  50 m i.d. capillary (40 cm to detector); 
temperature, 25C; , 280 nm. Samples contained 2.5% v/v of the carrier 
ampholytes pI 3-10; 8 µL of 0.2 M iminodiacetic acid; 36 µL of 0.5 M L-arginine 
and 6 peptide markers 8.40 (8 µL), 7.65 (3 µL), 7.05 (5 µL), 6.61 (2 µL), 5.5 (5 
µL) and 4.1 (5 µL). Sample was diluted to a total volume of 500 µL with cIEF gel 
and injected into the capillary at 2 bar pressure injection for 3 minutes. Sample 
was focused at +25 kV using 200 mM phosphoric acid as anolyte 300 mM 
sodium hydroxide as catholyte. 
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Figure 4.4: Single-step cIEF separation of 5 peptide markers on a 0.1 mM 
DODAB /0.075% POE 40 stearate a) 50 m i.d. and b) 25 m i.d.  coated 
capillaries using 2.5% v/v of the carrier ampholytes pI 5-8. 

Experimental conditions: 48.5 cm capillary (40 cm to detector); temperature, 
25C; , 280 nm. Samples contained 2.5% v/v of the carrier ampholytes pI 5-8; 8 
µL of 0.2 M iminodiacetic acid; 36 µL of 0.5 M L-arginine and 5 peptide markers 
7.65 (3 µL), 7.05 (3 µL), 7.0 (5 µL ), 6.61 (2 µL) and 5.5 (5 µL). Sample was 
diluted to a total volume of 500 µL with cIEF gel and injected into the capillary at 
2 bar pressure injection for 3 minutes. Sample was focused at +25 kV using 200 
mM phosphoric acid as anolyte 300 mM sodium hydroxide as catholyte. 
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Their apparent ΔpI in Figure 4.4 is ≈ 0.15 pI unit. This discrepancy reflects the 

uncertainty associated with the pI values of standard pI markers.  

 Figures 4.3 and 4.4 indicate that the EOF was sufficiently suppressed to 

allow complete focusing but not so highly suppressed as to prevent the transport 

of the focused peaks to the detection window. In contrast, the 0.1 mM DODAB/ 

0.001% w/v POE 100 stearate coating yields a more suppressed EOF (-0.17 x 10-4 

cm2/Vs in 50 mM sodium phosphate pH 3.0 buffer [22].  No peaks were observed 

for either peptide pI marker set within 120 min at +25 kV when the DODAB/POE 

100 stearate coating was used under the conditions in Figures 4.3 and 4.4. This 

confirms that the EOF was so highly suppressed that the residual EOF could not 

carry the focused peptide markers past the detection window.  

 The studies above (Figures 4.3 and Figure 4.4.a) were performed in 50 m 

i.d. capillaries, which is the only i.d. of commercially available coated capillaries 

for cIEF. Availability of smaller i.d. capillaries for cIEF would enable the analysis 

of small volume samples which is particularly important in biological micro-

environments. Also the better heat dissipation of narrow capillaries would also 

enable faster analysis and while maintaining the integrity of the sample protein 

mixture [36]. Conversely larger i.d. capillaries would be less likely to clog due to 

protein precipitation. One important advantage of the sequential coating is that it 

can be applied to different inner diameter capillaries. DODAB based coatings 

have been shown to be effective and stable in capillaries ranging from 5 m [25] 

to 100 µm i.d. [37]. As shown in Chapter Two, the use of narrower i.d capillaries 
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actually enhances the stability of surfactant bilayer coatings and yields higher 

efficiencies for CZE separations of proteins [25, 37]. 

 Figure 4.4.a shows the separation of peptide markers using a 50 m i.d. 

DODAB/POE 40 stearate coated capillary, while Figure 4.4.b shows the 

comparable separation using a 25 m i.d. coated capillary. The number of 

capillary volumes of coating and sample solutions flushed through the capillary 

were held constant for the different i.d. capillaries by controlling the pressure and 

time used. Comparable separations have been achieved in both capillaries 

indicating that the coating was effective in preventing protein adsorption even in 

the smaller i.d. capillary with the higher surface to volume ratio and higher 

potential for protein adsorption [38]. The average peak width (at 50% of peak 

height) of 5 peptide markers is 0.016 pH unit in both the 50 m and 25 m i.d. 

capillaries. The migration times of the peptide markers are similar in the different 

inner diameter capillaries. This indicates that a similar charge density coating with 

constant EOF is formed regardless of the inner diameter of the capillary [25, 39].   

 Figure 4.5 shows the single-step cIEF separation of 5 peptide markers on a 

0.1 mM DODAB /0.075% POE 40 stearate coated capillary monitored at both 280 

nm (Figure 4.5 a); and 420 nm (Figure 4.5. b). All pI markers absorb at 280 nm 

while only pI markers 7.65 and 6.61 absorb at both 280 nm and 420 nm which 

assists in tracking these markers.    
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Figure 4.5: Single-step cIEF separation of 5 peptide markers on a 0.1 mM 
DODAB /0.075% POE 40 stearate coated capillary monitored at: a) 280 nm; and 
b) 420 nm.  

Experimental conditions: 48.5 cm  50 m i.d. capillary (40 cm to detector); 
temperature, 25C; , 280 or 420 nm; other experimental conditions are the same 
as in Figure 4.4. 
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 The choice of the capillary length is a parameter that can be used to 

optimize cIEF separations. The need for rapid cIEF analysis calls for a short 

capillary and a high separation potential. The only restriction is that the capillary 

must be long enough to allow complete focusing prior to the EOF sweeping the 

band past the detector. This is particularly important in coatings with moderately 

suppressed EOF used for single-step cIEF. On the other hand, a longer capillary 

provides additional focusing time and a higher resolution [9, 40]. Since the pH 

gradient spans the entire length of the capillary, a longer capillary will result in a 

flatter pH gradient and higher spatial resolution. However this higher resolution 

comes at the expense of longer analysis time [9, 40] .  

Figures 4.6 and 4.7 show the separation of 5 and 6 peptide marker 

mixtures using DODAB/POE 40 stearate coated capillaries of different lengths. 

The number of capillary volumes of coating and sample solutions flushed through 

the capillary were held constant for the different capillary lengths by controlling 

the pressure and time used for rinses. A constant voltage (+25 kV) was applied to 

the different length capillaries. Both the medium length capillary (48.5 cm, Figure 

4.6.b) and the long capillary (65 cm, Figure 4.6.c) resolved all 5 markers with 

comparable resolution (average peak width = 0.016 pH units). This is consistent 

with equation 4.1 [9], where the use of longer capillary and a lower field strength 

will counterbalance one another. The shortest capillary (32 cm, Fig. 4.6.a) 

provides insufficient time for complete focusing resulting in low resolution 

(average width of 0.072 pH units) and only partial separation of the pI 7.05 and 

7.0 markers.    
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Figure 4.6: Single-step cIEF separation of 5 peptide markers on a 0.1 mM 
DODAB /0.075% POE 40 stearate a) 32 (23.5) cm, b) 48.5 (40) cm and 65 (56.5) 
cm coated capillaries using 2.5% v/v of the carrier ampholytes pI 5-8. 

Experimental conditions: 50 m i.d. capillaries; , 280 nm; other experimental 
conditions are the same as in Figure 4.4. 
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Figure 4.7: Single-step cIEF separation of 6 peptide markers on a 0.1 mM 
DODAB /0.075% POE 40 stearate a) 32 (23.5) cm; and b) 48.5 (40) cm coated 
capillaries using 2.5% v/v of the carrier ampholytes pI 3-10. 

Experimental conditions: 50 m i.d. capillaries; , 280 nm; other experimental 
conditions are the same as in Figure 4.3. 
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 Comparable results were observed for the separation of the 6 peptide 

marker mixture in DODAB/POE 40 stearate coated capillaries using 2.5% v/v 

carrier ampholytes pI 3-10 (Figure 4.7). Albeit in that case both capillary lengths  

including the shorter (32 cm total length) successful resolved all 6 markers. 

4.3.3 Two-step cIEF     

Two-step cIEF separations involve both a focusing step and a mobilization 

step. Mobilization may be either by pressure [16, 17] or chemical [1]. Despite 

peak broadening during the mobilization step and the increased chance of 

capillary clogging, two-step cIEF offers some advantages. The strongly 

suppressed EOF provides better migration time reproducibility, and thus better 

linearity of the pH gradient which enhances the accuracy of the pI determined 

[14]. Covalently linked neutral hydrophilic polymer coatings such as non 

crosslinked acrylamide [7], hydroxypropylcellulose [15, 16] and polyvinyl 

alcohol [3] have been used. However, as noted above covalent coatings are time 

consuming, labor-intensive, difficult to reproduce, their purchase is expensive and 

limited to restricted capillary dimensions. Dynamic coatings based on zwitterionic 

surfactants [41] and hydroxypropylmethylcellulose [42] have been used for two-

step cIEF. In this section, the sequential coating is used to perform two-step cIEF. 

The sequential coating is easy to develop, cost effective and semi-permanent. 

Both versions of the sequential coatings, DODAB/POE 40 stearate and 

DODAB/POE 100 stearate, can be used based on the degree of resolution 

required and the analysis time. Chemical mobilization methodology rather than 
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pressure mobilization was used due to parabolic hydrodynamic flow band 

broadening associated with the latter [17]. 

  The EOF of the sequential coating can be tuned by varying the POE chain 

length. The DODAB/POE 100 stearate version of the coating provides a more 

suppressed EOF compared to DODAB/POE 40 stearate. Figure 4.8 shows the 

separation of 6 peptide markers on DODAB/POE 40 and DODAB/POE 100 

coated capillaries using two-step cIEF. The focusing time was limited to 10 min 

to avoid eluting the peptide markers from the capillary in the case of 

DODAB/POE 40 stearate. The sequentially coated DODAB /POE 100 capillary 

results in a larger separation window compared to the DODAB/POE 40 coated 

capillary. The average peak width (at 50% of peak height) of the 6 peptide 

markers is 0.028 pH unit in DODAB/POE 40 coated capillary and 0.025 in the 

DODAB/POE 100 coated capillary. For replicate injections, DODAB/POE 100 

stearate showed better migration time reproducibility compared to DODAB/POE 

40 stearate. The DODAB/POE coatings were successfully created in all 

capillaries tested, but the precise peak position of the pI markers varied within-

capillary and capillary-to-capillary. The EOF of freshly coated DODAB/POE 40 

stearate capillaries was -0.32 x 10-4 cm2/Vs in 50 mM sodium phosphate pH 3.0 

buffer. After performing a series of cIEF experiments, the EOF was comparable (-

0.13 x 10-4 cm2/Vs). This indicated that the coating was stable after performing 

cIEF experiments and was not the source of irreproducibility of migration time. 

Unfortunately, investigations of voltage ramping, use of fresh coating solutions, 

use of fresh anolyte, catholyte and mobilizer solutions did not improve the  
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Figure 4.8: Two-step cIEF separation of 6 peptide markers on a) 0.1 mM 
DODAB /0.075% POE 40 stearate and b) 0.1 mM DODAB /0.001% POE 100 
stearate sequentially coated capillaries using 2.5% v/v of the carrier ampholytes pI 
3-10. 

Experimental conditions: 48.5 cm  50 m i.d. capillaries (40 cm to detector); 
temperature, 25C; , 280 nm. Samples contained 2.5% v/v of the carrier 
ampholytes pI 3-10; 8 µL of 0.2 M iminodiacetic acid; 36 µL of 0.5 M L-arginine 
and 6 peptide markers 8.40 (8 µL), 7.65 (3 µL), 7.05 (5 µL), 6.61 (2 µL), 5.5 (5 
µL) and 4.1 (5 µL). Sample was diluted to a total volume of 500 µL with cIEF gel 
and injected into the capillary at 2 bar pressure injection for 3 minutes. Sample 
was focused for 10 minutes at +25 kV using 200 mM phosphoric acid as anolyte 
300 mM sodium hydroxide as catholyte then chemically mobilized at +25 kV 
using 350 mM acetic acid instead of sodium hydroxide. 
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migration time reproducibility.  Thus, the inclusion of pI markers within a sample 

is essential.  

Figure 4.9 shows a two-step cIEF separation of the 6 peptide markers 

under variable conditions of ampholyte concentration and POE stearate chain 

length. The best resolution was achieved by a combination of increasing the 

ampholyte concentration from 1.25% v/v to 2.5% v/v and by using DODAB/POE 

100 stearate instead of DODAB/POE 40 stearate. The average peak width (at 50% 

of peak height) of the 6 peptide markers decreased from 0.033 pH unit in the case 

of 1.25% v/v ampholytes and DODAB/POE 40 stearate (Figure 4.9.a) to 0.028 in 

the case of 2.5% v/v ampholytes and DODAB/POE 40 stearate (Figure 4.9.b). 

The average peak width was further decreased to 0.025 pH unit in the case of 

2.5% v/v ampholytes and DODAB/POE 100 stearate coated capillaries (Figure 

4.9.c) but at the cost of much longer analysis time.  

Figure 4.10 shows the two-step cIEF separation of 5 peptide markers on a 

DODAB/POE 40 stearate coated capillary. The 5 markers are separated within 16 

min compared to 85 min on a DODAB/POE 100 stearate capillary. The two 

peptide markers 7.05 and 7.0 have been separated with a resolution of 7.4 using 

the two-step cIEF method on a DODAB/POE 40 stearate coated capillary. 

Comparable resolution (7.5) was observed using the two-step cIEF separation on 

DODAB/POE 100 stearate. In both cases, the resolution was higher than that 

achieved using the single-step cIEF method (Figure 4.4.a), where the resolution 

was 5.8.   
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Figure 4.9: Two-step cIEF separations of 6 peptide markers using different 
ampholyte concentrations and different POE stearate chain lengths. 

Experimental conditions: same as in Figure 4.8 
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Figure 4.10: Two-step cIEF separation of 5 peptide markers on a 0.1 mM 
DODAB /0.075% POE 40 stearate coated capillary using 2.5% v/v of the carrier 
ampholytes pI 5-8.  The inset shows an expanded view of the separation of the 
7.05 and 7.0 pI markers. 

Experimental conditions: 48.5 cm  50 m i.d. capillary (40 cm to detector); 
temperature, 25C; , 280 nm. Samples contained 2.5 %v/v of the carrier 
ampholytes pI 5-8; 8 µL of 0.2 M iminodiacetic acid; 36 µL of 0.5 M L-arginine 
and 5 peptide markers 7.65 (3 µL), 7.05 (3 µL), 7.0 (5 µL ), 6.61 (2 µL) and 5.5 
(5 µL). Sample was diluted to a total volume of 500 µL with cIEF gel and 
injected into the capillary at 2 bar pressure injection for 3 min. Sample was 
focused for 10 min at +25 kV using 200 mM phosphoric acid as anolyte 300 mM 
sodium hydroxide as catholyte then chemically mobilized at +25 kV using 350 
mM acetic acid instead of sodium hydroxide. 
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 In both the single-step and two-step cIEF, coated capillaries have been 

used for more than 40 h without degradation of the capillary performance. The 

rinsing procedure between successive runs included flushing the capillary with 

4.3 M urea for 5 min at 2 bar pressure rinse to remove any precipitated material 

[29]. 

4.3.4 Linearity of pH gradient 

The pI value of a protein depends on its amino acid composition and its 

spatial conformation. Estimation of pI value is helpful in the identification of 

unknown proteins. The accuracy of the pI estimate is enhanced by the linearity of 

the pH gradient established along the capillary. Common causes of non linearity 

of the pH gradient are pressure-induced parabolic flow [43] and migration time 

irreproducibility associated with variable electroosmotic flow [5, 8]. The use of 

chemical mobilization rather than pressure mobilization [8, 43] and coated 

capillaries with strongly suppressed EOF rather than dynamically modified 

capillaries with moderate EOF overcome these limitations and improve the 

linearity of the pH gradient [5, 14]. In addition, the quality of the carrier 

ampholytes is an important contributing factor to the linearity of the pH gradient. 

Uneven distribution of the ampholytes over the claimed pH range of the 

ampholyte blend leads to uneven conductivity and buffer capacity and poor 

linearity of the pH gradient [5]. Studies on different commercial ampholyte blends 

indicated that they contain more acidic ampholytes than basic ones and their 

actual pH ranges are not identical to the claimed values [5, 44].  Moreover, the 
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markers used to construct a calibration plot should possess sharp focusing, high 

solubility and high purity [5]. 

 The correlation between the pI of the peptide markers and the migration 

times was evaluated for verification of linearity of the pH gradient established 

using the sequential coating. A recta-linear relationship (Figure 4.11) was 

established only using two-step cIEF over 3-10 pH range in a DODAB/POE 40 

coated capillary with a regression equation of [Migration time = (40.6 ± 2.1) – 

(4.1 ± 0.3) pI] and a correlation coefficient of 0.977. This linearity is identical to 

that observed with the same ampholytes and markers on a commercial covalently 

modified capillary. Under different experimental conditions, no linear pH gradient 

was established using single-step cIEF. The increased focusing time during the 

single-step cIEF methodology increases the effect of both anodic and cathodic 

drift [29]. Consequently, poor linearity is more evident in single-step cIEF. Two-

step cIEF yielded relatively linear pH gradient. Linearity of pH gradient was 

enhanced by increasing the ampholyte concentration from 1.25% v/v (R2= 0.95) 

to 2.5% v/v (R2= 0.977).  Further increase in the carrier ampholyte concentration 

up to 5% v/v results in loss of linearity of the pH gradient and higher background 

absorbance. The linearity achieved was slightly greater using DODAB/POE 100 

stearate (R2=0.984) rather than DODAB/POE 40 stearate (R2=0.977). 
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Figure 4.11: Linearity of the pH gradient established on a 0.1 mM DODAB 
/0.075% POE 40 stearate coated capillary using 2.5% v/v carrier ampholytes. 

Experimental conditions: 48.5 cm  50 m i.d. capillaries (40 cm to detector); 
temperature, 25C; , 280 nm. Samples contained 2.5% v/v of the carrier 
ampholytes pI 3-10; 8 µL of 0.2 M iminodiacetic acid; 36 µL of 0.5 M L-arginine 
and 6 peptide markers 8.40 (8 µL), 7.65 (3 µL), 7.05 (5 µL), 6.61 (2 µL), 5.5 (5 
µL) and 4.1 (5 µL). Sample was diluted to a total volume of 500 µL with cIEF gel 
and injected into the capillary at 2 bar pressure injection for 3 minutes. Sample 
was focused for 10 minutes at +25 kV using 200 mM phosphoric acid as anolyte 
300 mM sodium hydroxide as catholyte then chemically mobilized at +25 kV 
using 350 mM acetic acid instead of sodium hydroxide. 
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4.3.5 Separation of hemoglobin variants 

 The identification and determination of different hemoglobin variants are 

of great diagnostic and clinical importance. For instance HbA is the normal adult 

form of hemoglobin, while HbS is an abnormal form (the amino acid in position 6 

of the β-globin chain globin of hemoglobin is valine instead of the glutamic acid 

in HbA) associated with sickle cell anemia. cIEF has been extensively utilized for 

monitoring hemoglobin variants [2, 45, 46]. Figure 4.12 shows the separation of 

HbA0 and HbS on a DODAB/POE 40  coated capillary using 2.5% v/v of pH 3-10 

Ampholyte®. Based on the linear calibration curve established using pI markers, 

the pI of HbS and HbA0 are estimated to be 7.21 and 7.12, slightly higher than the 

literature values of 7.21 and 6.98, respectively [14, 45, 47]. The same pI values 

were obtained for the Hb variants using the same ampholytes and markers on a 

commercially available coated capillary (Figure 4.13). The slight difference 

between the estimated and reported pI values could be attributed to different 

carrier ampholytes and/or pI markers. The estimated pI value of HbA0 ranged 

from 7.01 to 7.13 using different brands of the carrier ampholytes [2]. Higher 

resolution separations like HbA and HbF mixture (ΔpI ≈ 0.08) [45] or HbA and 

HbA1c (ΔpI ≈ 0.04) [2, 47] could be easily achieved by using DODAB/POE 

stearate in combination with a narrow (5-8) range ampholytes. 
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Figure 4.12: Two-step cIEF separation of two hemoglobin variants; HbA0 and 
HbS on a 0.1 mM DODAB/0.075% POE 40 stearate sequentially coated capillary. 

Experimental conditions: 48.5 cm  50 m i.d. capillary (40 cm to detector); 
temperature, 25C; , 420 nm. Samples contained 2.5% v/v of the carrier 
ampholytes pI 3-10; 8 µL of 0.2 M iminodiacetic acid; 36 µL of 0.5 M L-arginine, 
7.65 (3 µL), 6.61 (2 µL), HbA0 (3 µL) and HbS (3 µL). Sample was diluted to a 
total volume of 500 µL with cIEF gel and injected into the capillary at 2 bar 
pressure injection for 3 minutes. Sample was focused for 10 min at +25 kV using 
200 mM phosphoric acid as anolyte 300 mM sodium hydroxide as catholyte then 
chemically mobilized at +25 kV using 350 mM acetic acid instead of sodium 
hydroxide. 
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Figure 4.13: Two-step cIEF separation of two hemoglobin variants; HbA0 and 
HbS on a commercially coated capillary. 

Experimental conditions: same as in Figure 4.12.  
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4.4 Conclusions  

 The developed DODAB/POE stearate sequential coating offers the 

combined advantages of the stability of cationic surfactant coatings and the 

suppressed EOF of neutral polymer coatings. The sequential coating is easy to 

prepare, low cost, semi-permanent, and provides controllable EOF by varying the 

POE chain length. Single-step cIEF can be performed using the DODAB/POE 40 

stearate coating. Two-step cIEF can be performed using either the DODAB/POE 

40 stearate or DODAB/POE 100 stearate coating. The sequential coatings can be 

tailored based on the degree of resolution required and the analysis time. High 

resolution separations can be achieved by using, narrow pH range ampholytes, 

higher ampholyte concentrations, longer POE chain and longer capillaries but at 

the expense of longer analyses time. The sequential coating has been applied 

successfully to cIEF separations using different capillary lengths and inner 

diameters. A recta-linear pH gradient is established only in two-step CIEF 

methodology using 3-10 pH 2.5% v/v carrier ampholytes. Hemoglobin A0 and S 

variants are successfully resolved on DODAB/POE 40 stearate sequentially 

coated capillaries.  
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Chapter Five: Polyoxyethylene diblock copolymer 

coatings for capillary electrophoresis 

5.1 Introduction 

            Capillary electrophoresis (CE) can provide fast, high efficiency 

separations of biomolecules with minimal sample consumption [1]. However, 

proteins may adsorb onto the capillary surface [2]. Adsorption leads to band 

broadening [3], EOF instability [4] and low sample recovery [5]. Different 

approaches have been used to minimize protein adsorption, including: extreme 

buffer pH [6]; high ionic strength [2]; and most commonly capillary coatings [7-

9]. An ideal coating for CE should be stable, minimize analyte adsorption [7] and 

allow for control of the EOF [9]. Although covalent coatings can be effective at 

minimizing protein adsorption, they are difficult and time consuming to prepare 

[8]. In contrast, physically adsorbed polymer coatings are easy to prepare, can be 

regenerated and are cost effective [7]. 

 Physically adsorbed cationic polymer coatings for CE include 

polyethyleneimine (PEI) [10], polybrene [11] and poly(diallyldimethylammonium 

chloride) PDADMAC [11]. These coatings adsorb to the negatively charged 

capillary inner surface through electrostatic interactions. However, the resultant 

strong anodic EOF may limit the resolution [9]. Successive multiple ionic-

polymer layer (SMIL) coatings have been utilized for CE to prevent protein 

adsorption. In a typical SMIL, a polycationic polymer is adsorbed onto the 

capillary, followed by adsorption of a polyanionic polymer to yield a strong 

cathodic EOF that is independent of the pH [12]. However, the strongly cathodic 



 

 

 

144 

EOF of the SMIL still limits the resolution. Lower EOF can be achieved using 

physically adsorbed neutral polymer coatings such as polyethylene oxide (PEO) 

[13] or polyvinyl alcohol (PVA). These hydrophilic neutral coatings adsorb to the 

capillary wall through hydrogen bonding. They reduce analyte adsorption and 

suppress the EOF, but can be easily desorbed from the capillary [14]. Other 

neutral hydrophobic polymer coatings, such as polydimethylacrylamide (PDMA), 

fail to prevent irreversible adsorption of proteins [15]. Obviously, it is not easy to 

find a homo-polymer with all the required features of a coating (i.e., strong 

adsorption onto the silica surface, and biologically silent surface extended into 

solution) for electrophoretic separations. 

 As a result, several copolymers have been developed as capillary coatings. 

These copolymers are designed to have: an anchoring block which provides 

strong interaction with the capillary surface; and an anti-biofouling block to 

minimize adsorption. Different classes of diblock copolymers have been reported. 

Poly (4-vinylpyridine) poly-(ethylene oxide) [16] and cationized 

hydroxyethylcellulose (Cat-HEC) [17] are cationic-hydrophilic neutral 

copolymers.  The cationic block adsorbs to the capillary wall through electrostatic 

interactions while the hydrophilic neutral block suppresses the EOF and 

minimizes analyte adsorption. Similarly, PEGMA-DMA has N,N-

dimethylacrylamide (DMA) as the hydrophobic anchor component and the neutral 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) as the hydrophilic 

block [18]. In such copolymers, synthesis of the diblock copolymers and 

extensive characterization were required. To tailor the EOF, synthesis and 
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purification of a series of copolymers with different ratios of the homopolymers 

was required [19].  

 In this chapter, polyoxyethylene (POE) based coatings are used as the 

neutral hydrophilic coating to prevent protein adsorption [13, 20]. Traditional 

adsorbed POE coatings rely on hydrogen bonding to anchor the POE to the 

capillary wall [13]. With adsorbed POE coatings, many operating conditions must 

be optimized for the coating to be effective. For example, a change in the HCl 

concentration used to condition the capillary, the use of a lower mass POE or a 

high BGE pH all destabilize the coating [13, 14]. Thus, a different approach is 

needed to form stable and robust POE capillary coatings. 

 As described in Chapter Three, we recently developed a surfactant-diblock 

copolymer sequential coating (Figure 3.1B) which combined the stability of a 

cationic surfactant bilayer and the suppressed EOF of  a diblock copolymer [21]. 

This coating was formed by first rinsing the capillary with the two-tailed cationic 

surfactant dioctadecyldimethyl ammonium bromide (DODAB) which forms a 

stable semi-permanent bilayer coating [22, 23] anchored by electrostatic 

interactions. Next, a neutral diblock copolymer with a hydrophilic 

polyoxyethylene block and a hydrophobic (stearate) block was rinsed through the 

capillary. The hydrophobic block inserts into the DODAB bilayer through 

hydrophobic interactions [24]. This leaves the hydrophilic POE moiety protruding 

into the surrounding solution. The hydrophilic POE block controls the magnitude 

of EOF. A tunable EOF was achieved by varying the POE chain length from 8 to 

100 oxyethylene units [21]. The suppressed EOF achieved using POE 40 stearate  
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allowed for high resolution CZE separations of acidic, basic and histone proteins 

[21]. The sequential coating has also been applied successfully to kinetic CE 

analysis [25] and capillary isoelectric focusing (Chapter Four) [26].  

 An advantage of this approach is that the diblock copolymer component of 

the sequential DODAB/diblock coating can be selected easily from a series of 

commercially available copolymers. Chapter Three showed that control of the 

EOF was achieved simply by selecting a different POE copolymer length [21] 

rather than by synthesizing a new copolymer. In this chapter, we explore the 

effect of other variables on the EOF magnitude and coating stability of 

DODAB/diblock copolymer coatings.  

5.2 Experimental 

5.2.1 Apparatus 

 All CE experiments were performed on a Hewlett Packard 3DCE equipped 

with a UV absorbance detector. Data acquisition was at 10 Hz using HP 3DCE 

ChemStation software. Untreated silica capillaries (Polymicro Technologies, 

Phoenix, AZ, USA) with an i.d. of 50 m, o.d. of 360 m, and total length of 32 

cm (23.5 cm to the detector) were used.  The cartridge aperture was 100 μm×200 

µm and the capillary was thermostated at 25 ◦ C. All pressure rinses were at 1 bar. 

5.2.2 Chemicals 

   The cationic surfactant DODAB and the following diblock copolymers 

were obtained from Sigma (Oakville, ON, Canada): POE 8 stearate (product no. 

P3315); POE 40 stearate (P3440); POE 100 stearate (P3690); POE 10 
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monododecyl ether (P9769), POE 10 tridecyl ether (P2393); POE 10 cetyl ether, 

also known as Brij® C10 (388858); POE 10 stearyl ether, also known as Brij® 

S10 (388890); and POE 100 stearyl ether, also known as Brij® S100 (466387). 

The neutral EOF markers benzyl alcohol (2 mM) and mesityl oxide (2 mM) were 

used as received from Sigma. All solutions were prepared in Nanopure 18 M 

water (Barnstead, Chicago, IL, USA). 

5.2.3 Buffer preparation 

 To study the ion retention characteristics of POE (Section 5.3.3), the 

following buffers were prepared: 50 mM Tris HCl pH 7.0, 50 mM Tris HClO4 pH 

7.0, 50 mM Tris HCl pH 9.0, 50 mM Tris HClO4 pH 9.0 were prepared from 

ultrapure tris (hydroxyl-methyl) amino methane (Tris; Schwarz/Mann Biotech, 

Cleveland, OH, USA) and the pH was adjusted using HCl or perchloric acid.   

 To study the effect of pH on the coating performance (Section 5.3.4), the 

following buffers of constant ionic strength of 44 mM were used: phosphate 

buffers at pH 3.0 (50 mM), 7.0 (20 mM) and 11.5 (11 mM) were prepared from 

phosphoric acid, sodium monohydrogen phosphate and sodium dihydrogen 

phosphate (BDH, Toronto, ON, Canada), respectively. Acetate buffer at pH 5.0 

(65 mM) was prepared from acetic acid (Caledon Laboratories LTD., ON, 

Canada). Tetraborate buffer at pH 10.0 (14 mM) was prepared from sodium 

tetraborate (Sigma, USA). Sodium hydroxide was used for pH adjustments.  

5.2.4 Coating procedure 

 DODAB (0.1 mM) was dissolved in water and sonicated for 30 min at 60 

◦C and then stirred for 15 min. The sonication/stir cycle was repeated until a clear 
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solution was obtained [27]. Typically, two cycles were needed. The diblock 

copolymer of interest was dissolved in water (concentrations indicated in the 

figure captions) and prepared separately using the same sonicate/stir procedure.  

New capillaries were preconditioned with a 0.1 M NaOH rinse for 3.5 min and 

then flushed with water for 3.5 min. The capillary was then rinsed with 0.1 mM 

DODAB for 10 min; followed by a 10 min rinse with the diblock copolymer of 

interest. Finally, a 2 min buffer rinse was performed to remove any unadsorbed 

coating solution from the capillary. 

5.2.5 Coating stability  

 The stability of capillary coatings was evaluated by monitoring the EOF 

during electrokinetic rinsing [28]. Consecutive EOF determinations were 

performed by successive injections of the neutral marker and application of 

voltage. Strongly suppressed EOF (< 1x10-4 cm2/Vs) were measured using the 

three injection method [29]. A new capillary was used for each new buffer. 

 Coating stability under mixed aqueous-organic conditions (Section 5.3.5) 

was assessed by subjecting the coated capillaries to successive pressure rinses 

[28] with BGE containing 10 to 40% v/v acetonitrile (ACN). Capillaries were 

coated, the EOF was determined, and then the capillaries were rinsed for 1 min 

with BGE containing ACN. Finally, the capillary was pressure rinsed for 1 min 

with ACN free BGE and the EOF was determined. This cycle was repeated 10 

times for each capillary.  
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5.3 Results and Discussion  

 Capillary coatings are commonly used to minimize undesirable analyte 

adsorption in CE [7-9]. Moreover, control of the EOF during electrophoretic 

separations is needed to optimize the resolution [9, 30]. A coating that both 

prevents analyte adsorption and provides EOF control is highly desirable. Diblock 

copolymers which combine desirable properties of their individual homo-

polymers have been used successfully as capillary coatings [16-19, 31]. Generally 

speaking, these copolymers include either a cationic block [16] or a hydrophobic 

block [18] that interacts with the capillary surface and serves as an anchor layer. 

The second block which is in contact with the bulk solution is usually hydrophilic 

in nature. The EOF of coated capillaries may be either highly suppressed when 

the second block is neutral [18] or strongly anodic when the second block is 

cationic [31]. Further control of the EOF calls for the synthesis of copolymers 

with different ratios of the homo-polymers within the diblock copolymer [19].  

 The sequential DODAB/diblock copolymer coating offers simplicity and 

flexibility in altering the capillary coating [21, 26]. The DODAB cationic 

surfactant forms a stable bilayer coating with strongly reversed EOF [23, 27]. As 

detailed in Section 5.2.2, numerous POE alkyl diblock copolymers with various 

lengths of both the POE and the alkyl block are commercially available. Below 

we study the impact of this wide selection of commercial diblock  copolymers on 

coating stability and magnitude of the EOF of the sequential DODAB/diblock 

copolymer coating. The selection of buffer pH and counter ion also aid in the 

control of the EOF, and so are also studied.  
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5.3.1 Effect of the hydrophobic block  

 POE has been used directly as a capillary coating. Such coatings are 

retained only via hydrogen bonding and so have poor stability and are easily 

washed off [13, 14].  The use of POE 10 stearyl ether as a direct capillary coating 

was compared to the DODAB/POE 10 stearyl ether coating. In Figure 5.1, twenty 

successive EOF determinations (total run time of 60 min) were performed with no 

rinses between the runs. With the POE 10 stearyl alone, the EOF was partially 

suppressed but showed significant upward drift (13.1% RSD).  In contrast, with 

DODAB/POE 10 stearyl ether the EOF was more suppressed with less drift (5.0 

%RSD). The enhanced stability of DODAB/ POE 10 stearyl ether can be 

attributed to the stability of the DODAB anchor layer and the strong hydrophobic 

interactions between the hydrophobic portion of the bilayer and the hydrophobic 

block of the diblock copolymer.  

Drummond et al. studied the uptake of POE 100 stearate as an example of 

diblock copolymer interacting with the two-tailed cationic surfactant 

didodecyldimethylammonium bromide (DDAB) adsorbed layers on mica surface 

[24]. Their atomic force microscopy and dynamic surface forces studies indicated 

that the adsorption of POE 100 stearate occurs mainly by tethering of the 

hydrophobic moiety into the adsorbed surfactant layer. The hydrophobic stearate 

block inserts into the DODAB bilayer through hydrophobic interactions, leaving 

the hydrophilic POE moieties protruding into the surrounding solution. 
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Figure 5.1: Stability of DODAB/POE diblock copolymer constructs vs. POE 
diblock copolymer alone coating. 
Successive EOF determination were performed using 0.1 mM DODAB/0.03% 
POE 10 stearyl ether (■), and 0.03% POE 10 stearyl ether (△). 

Experimental conditions: 50 mM Tris HCl pH 9.0; voltage, +15 kV; 32 cm  50 
m id capillary (23.5 cm to detector); 2 mM mesityl oxide (, 254 nm) injected 
for 3 s at 50 mbar; temperature, 25C. 
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 To investigate the effect of varying the hydrophobic chain length of the 

diblock copolymers, we used a series of diblock copolymers (Figure 5.2.A) with a 

constant hydrophilic block of 10 polyoxyethylene units and alkyl chain length of 

n= 12, 16 and 18 carbon. Figure 5.3 shows that the short 10 polyoxyethylene units 

partially suppresses the EOF (i.e., EOF is about 45% of that of a DODAB coated 

capillary). Increasing the length of hydrophobic block from lauryl (n=12) to 

stearyl (n=18) results in a more stable EOF. The shorter hydrophobic block 

(n=12) initially gave slightly stronger anodic EOF of -3.3x10-4 cm2/Vs which 

decreased in magnitude by 10% over ten successive runs. The stearyl (n=18) 

block yielded a more stable EOF with a RSD of 2.5% with slight random 

fluctuations rather than any drift. Consequently, the diblock copolymers with the 

longer hydrophobic block (n=18) will be used thereafter as it provides the most 

stable EOF. 

5.3.2 Effect of the hydrophilic block 

 Previous studies [21] of the effect of varying the hydrophilic POE chain 

length found: 1) the magnitude of the EOF depends inversely on the length of the 

POE block; 2) the EOF can be fine-tuned using mixtures of two POE stearate 

copolymers, such as POE 8 stearate and POE 40 stearate; and 3) for a given molar 

concentration, the EOF stabilizes more quickly (smaller rinse volume) with longer 

POE polymers than their shorter ones.  

The results in Figure 5.3 are consistent with these previous findings. The 0.1 

mM DODAB/0.001% POE 100 stearyl ether strongly suppressed the EOF (to 

~10% of the EOF of a DODAB coated capillary). In contrast, the 0.1 mM  
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Figure 5.2: Structure of diblock copolymers used to study the effect of A) 
hydrophobic block and B) hydrophilic block.  
n=12: Decaethylene glycol monododecyl ether; also known as polyoxyethylene 
(10) lauryl ether, n=16: Polyethylene glycol hexadecyl ether; also known as 
polyoxyethylene (10) cetyl ether or Brij® C10, n=18: Polyethylene glycol 
octadecyl ether; also known as polyoxyethylene (10) stearyl ether or Brij® S10  

m=8: POE 8 stearate; m=40: POE 40 stearate, m=100: POE 100 stearate  
 

 



 

 

 

154 

 

 
 
 
 
Figure 5.3: Effect of hydrophobic chain length of the diblock copolymer on EOF. 
0.1 mM DODAB (■), 0.1 mM DODAB/0.1% POE 10 lauryl ether (▲),  0.1 mM 
DODAB/0.1% POE 10 cetyl ether (□),   0.1 mM DODAB/0.1% POE 10 stearyl 
ether (×) and 0.1 mM DODAB/ 0.001% POE 100 stearyl ether (△). 

Experimental conditions: voltage, -15 kV; 32 cm  50 m id capillary (23.5 cm 
to detector); 50 mM sodium phosphate buffer, pH 3.0; , 214 nm; 2 mM benzyl 
alcohol injected for 3 s at 50 mbar; temperature, 25C. 
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DODAB/POE 10 stearyl ether only partially suppressed the EOF (to ~ 45% of 

DODAB coating). 

 In Section 5.3.1, a series of diblock copolymers with ether linkages were 

used, while in Section 5.3.2 diblock copolymers with an ester linkage were used. 

To determine if there was an impact due to the different functional group, we 

compared the coating performance of the POE 100 stearyl ether (Brij® S100) and 

POE 100 stearate (ester). Using 50 mM sodium phosphate pH 3.0, both coatings 

suppressed the EOF to the same extent and showed similar EOF stability: 0.1 mM 

DODAB/0.001% w/v POE 100 stearyl ether yielded EOF of -0.41 ×10-4 cm2/Vs 

and RSD=9.7% (n=10); and 0.1 mM DODAB/0.001% w/v POE 100 stearate 

yielded EOF of -0.52 ×10-4 cm2/Vs and RSD=10.1% (n=10).  

5.3.3 Ionic retention characteristics of POE     

 Despite not having any ion exchange functionality, ion chromatographic 

separations of inorganic have been achieved using electrically neutral stationary 

phases such as diol phases [32] and polyoxyethylene [33, 34]. The interaction of 

inorganic anions such as Br–, I–, BrO3
–, IO3

–, ClO4
− and SCN– with POE has been 

attributed to partitioning into the POE phase [33] or counter cations coordinated 

by the POE (through ion-dipole interaction with oxygen atoms) acting as anion 

exchange sites [32-34]. In these examples, anions elute in order of increasing 

chaotropic character in accordance with the Hofmeister series. Large ionic radius 

and weakly hydrated chaotropic anions such as ClO4
− and SCN− were retained 

most strongly on the POE phases [32-34]. The interaction of POE with inorganic 
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anions has also been reported in CE. For instance, POE has been used as a BGE 

additive to enhance the electrophoretic separation of Br- and I- [35].  

 Herein, we investigate the effect of anions in the buffer on the magnitude 

of the EOF. Capillaries were sequentially coated with 0.1 mM DODAB and then 

0.03% POE 10 stearyl ether (Brij® S10). The EOF was determined for successive 

runs for: 50 mM Tris-HCl pH 7.0 and 50 mM Tris-HClO4  pH 7.0 (Figure 5.4.A).  

A suppressed anodic EOF of -0.31x10-4 cm2/Vs was observed with 50 mM Tris-

HCl pH 7.0. Using ClO4
– as the buffer counter ion resulted in the suppressed EOF 

becoming cathodic (+0.45x10-4 cm2/Vs), reflecting a negative zeta potential. 

Presumably the chaotropic ClO4
– is retained onto the POE coating to a higher 

extent compared to Cl– as was observed in ion chromatographic studies [32-34]. 

 Similarly at pH 9.0 (Figure 5.4.B) on the same 0.1 mM DODAB/0.03% 

POE 10 stearyl ether (Brij® S10) coating a cathodic suppressed EOF was 

observed using both 50 mM Tris-HCl pH 9.0 and 50 mM Tris HClO4 pH 9.0 as 

the BGE. The magnitude of EOF was stronger in the case of Tris HClO4 (+2.0 

x10-4 cm2/Vs) compared to Tris HCl (+1.6 x10-4 cm2/Vs), but was much smaller 

than that of a bare capillary (+8.2 x10-4 cm2/Vs). Similarly, with a 0.1 mM 

DODAB/0.001% POE 100 stearate coating the EOF was +0.34 x10-4 cm2/Vs in 

50 mM Tris-HCl pH 9.0 and +1.0 x10-4 cm2/Vs in 50 mM Tris HClO4  pH 9.0.  

These observations indicate that anion adsorption onto the POE can alter the 

observed EOF.  However the range of effect is relatively mild (+0.4 to +0.8 x10-4 

cm2/Vs) even when shifting from a kosmotropic anion such as Cl- to a highly 

chaotropic anion such as ClO4
-. Thus, the nature of the buffer anion must be 
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Figure 5.4: Effect of buffer anion on EOF of DODAB/diblock copolymer 
coatings. 
Successive EOF determination at (A) pH 7 and (B) pH 9 using the following 
buffers: 50 mM Tris HCl pH 7 (■), 50 mM Tris HClO4 pH 7 (▲),  50 mM Tris 
HCl pH 9 (□),   50 mM Tris HClO4 pH 9 (△) 
Experimental conditions: 0.1 mM DODAB/0.03% POE 10 stearyl ether; 
voltage, -15 kV or +15 kV; 32 cm  50 m id capillary (23.5 cm to detector; 2 
mM mesityl oxide (, 254 nm) injected for 3 s at 50 mbar; temperature, 25C. 
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considered to achieve reproducible EOF, but the effect of buffer anion is much 

less than that of the POE length (Section 5.3.2) or BGE pH (Section 5.3.4). 

5.3.4 Effect of pH on the coating performance 

 DODAB/POE stearate coatings have been used under a variety of pH 

conditions. The coating has been applied to protein separations at low pH [21], 

kinetic CE analysis at neutral pH  [25] and to capillary isoelectric focusing over 

the pH range 3-10 [26]. However, the influence of the pH on the EOF and coating 

performance has not previously been investigated. This is despite  radically 

different EOF being reported at low [21] and neutral pH [25]. Herein, the 

performance of the sequential coating was investigated at pH ranging from 3.0 to 

11.5 under constant ionic strength conditions. 

 Figure 5.5 shows the EOF as a function of pH on bare and coated 

capillaries. At pH ≤ 5, all DODAB/POE stearate coated capillaries yielded 

suppressed anodic EOF. Crosslinked POE coatings have resulted in both 

suppressed anodic [36] and suppressed cathodic EOF [37]. In this study, POE 

copolymer coatings always yielded suppressed cathodic EOF (Figure 5.1 for pH 

9, and not shown for pH 5.0 and 7.0). Thus, the anodic EOF observed at pH ≤ 5 

can be related to the positive charge of the underlying DODAB layer. As the pH 

increases in Figure 5.5 there is a general trend in the EOF such that at pH ≥ 10 the 

EOF was still suppressed but now cathodic. This reversal in EOF is consistent 

with the literature. For instance, Krylov and coworkers observed moderately 

suppressed anodic EOF with a DODAB/POE 8 stearate coating at pH 3.0 and a  
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Figure 5.5: Effect of pH on the EOF of DODAB/POE diblock copolymer coated 
capillaries. 

EOF was measured using the following buffers: 50 mM sodium phosphate pH 
3.0; 65 mM sodium acetate pH 5.0; 20 mM sodium phosphate pH 7.0;, 14 mM 
sodium tetraborate pH 10.0; and 11 mM sodium phosphate pH 11.5 in bare 
capillaries (○), and capillaries coated with 0.1 mM DODAB/0.03% w/v POE 10 
stearyl ether (□), 0.1 mM DODAB/0.075% w/v POE 40 stearate (▲) and 0.1 mM 
DODAB/0.001% w/v POE 100 stearate (×). 

Experimental conditions: voltage, -15 kV or +15 kV; 32 cm  50 m id 
capillary (23.5 cm to detector; 2 mM benzyl alcohol (, 214 nm) or 2 mM mesityl 
oxide (, 254 nm) injected for 3 s at 50 mbar; temperature, 25C. 
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moderately suppressed cathodic EOF using various buffers near physiological pH 

[25]. Similarly, Kawai et al. [38] observed a steady transition in EOF for a 

DODAB/POE 40 stearate coating from -0.96 ×10-4 cm2/Vs at pH 3.0 to +0.16 

×10-4 cm2/Vs at pH 7.0 for 20 mM phosphate buffers. A similar trend in the EOF 

was observed with DODAB alone coated capillaries. The EOF changed from 

strongly anodic at acidic pH to suppressed and cathodic at basic pH [39]. 

 The sequential DODAB/POE diblock copolymer coatings offered good 

stability over a wide range of pH. Figure 5.6 shows that a stable EOF was 

obtained over 10 successive determinations at pH range 3.0-11.5. Interestingly, 

DODAB alone coating does not coat the capillary effectively at pH 7.0 using 

phosphate buffers due to the dramatic increase in DODAB vesicle size [40]. 

Whereas, using the same buffer, DODAB/POE stearate forms a stable coating 

with a suppressed EOF (Figure 5.6). The hydrophobic interaction between 

DODAB alkyl chains and the hydrophobic block of the diblock copolymer may 

play a factor in this additional stability. 

 In Chapter Three, we observed that at pH 3.0 longer POE chains yielded  

more suppressed EOF [21]. However, this observation is not universally true. For 

instance, at pH 5, DODAB/POE 10 yielded an EOF of -1.7×10-4 cm2/Vs, 

compared to -2.7×10-4 cm2/Vs for both the POE 40 and 100 stearates (Figure 5.5). 

Under basic conditions (pH 10.0 and 11.5), all three coatings yielded moderately 

suppressed cathodic EOF (+1.6×10-4 cm2/Vs), regardless of the POE chain length.  
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Figure 5.6: EOF stability of the DODAB/POE diblock copolymers vs. pH. 

50 mM sodium phosphate pH 3 (□), 65 mM sodium acetate pH 5 (△) , 20 mM 
sodium phosphate pH 7 (○), 14 mM sodium tetraborate pH 10 (■) and 11 mM 
sodium phosphate pH 11.5 (▲) in bare capillary (A), 0.1 mM DODAB/ 0.03 % 
w/v POE 10 stearyl ether (B) and 0.1 mM DODAB/ 0.001 % w/v POE 100 
stearate (C) 

Experimental conditions: voltage, -15 kV or +15 kV; 32 cm  50 m i.d. 
capillary (23.5 cm to detector; 2 mM benzyl alcohol (, 214 nm) or 2 mM mesityl 
oxide (, 254 nm) injected for 3 s at 0.5 psi; temperature, 25C.  
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 Thus, in all cases and pH the DODAB/POE stearate coatings yield 

suppressed EOF. However, no prediction regarding the effect of POE chain length 

on EOF can be made. The reason is unclear but different orientations of the 

adsorbed diblock copolymers at different pH may be involved. A highly dense 

orientation of the adsorbed polymer (e.g. mushroom or brush) is more effective at 

reducing EOF than a less dense flat orientation [41]. Polymer chain length, 

solvent and  surface conditions are all factors that control the orientation of 

adsorbed polymers at solid-liquid interfaces [24, 42].       

 In summary, all DODAB/POE 10, 40 and 100 stearate yielded suppressed 

EOF over the pH range 3-11.5. The sequential coating was stable at acidic, neutral 

and basic pH. The coating stability and the suppressed EOF over this wide range 

of pH enabled a variety of applications of the sequential coating [21, 25, 26].    

5.3.5 Stability of the coating under mixed aqueous-organic conditions 

 Non-aqueous CE can be used to enhance the analyte solubility and alter 

the separation selectivity [43]. However, analyte adsorption is still a problem. 

Capillary coatings can be used to minimize analyte adsorption and control the 

EOF. However, most of these coatings have been developed for aqueous CE 

separations. DODAB alone was used under mixed aqueous-organic conditions 

and displayed good stability for BGE containing up to 40-60% v/v organic solvent 

[44]. Similarly, thermally crosslinked PEG coatings have been used with 

methanolic and ACN/water BGE [45]. Herein we investigate the utility of 

DODAB/POE diblock copolymer as a semi-permanent coating under mixed 

aqueous-organic conditions.  
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 Figure 5.7 shows that the effect of ACN on the stability of a 

DODAB/0.03% w/v POE 10 stearyl ether. The coating was stable when rinsed 

with BGE containing up to 20% v/v ACN. BGE with 30% ACN resulted in 

gradual loss of the coating as indicated by the cathodic drift in the EOF. BGE 

with 40% v/v ACN resulted in rapid loss of the coating, as indicated by the 

cathodic EOF comparable to that of a bare capillary (+2.5×10-4 cm2/Vs).  
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Figure 5.7: Stability of the coating under mixed aqueous-organic conditions. 

Capillaries were coated with 0.1 mM DODAB/0.03% w/v POE 10 stearyl ether, 
and then rinsed with BGE containing 0% ACN (□), 10% v/v ACN (○), 20% v/v 
ACN (×), 30% v/v ACN (■) and 40% v/v ACN (▲). EOF was determined using 
65 mM sodium acetate pH 5.0 containing no acetonitrile.  
Experimental conditions: -15 kV or +15 kV; 32 cm  50 m id capillary (23.5 
cm to detector; 2 mM mesityl oxide (, 254 nm) injected for 3 s at 50 mbar; 
temperature, 25C. 
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5.4 Conclusions 

 Polyoxyethylene diblock copolymers coupled with DODAB bilayers have 

previously been shown to effectively prevent protein adsorption and suppress the 

EOF. The commercial availability of wide selection of polyoxyethylene diblock 

copolymers offers flexibility of the analytical method and eliminates the need for 

tedious synthetic procedure. The length of the hydrophobic block impacts that 

stability of the coating, but does not affect the magnitude or direction of the EOF.  

Suppressed EOF is obtained regardless of the length of the polyoxyethylene 

chain, but the direction and magnitude of the EOF depend on the POE chain 

length in a complex fashion. The sequential DODAB/POE diblock copolymer 

suppressed the EOF and showed good stability over a wide range of pH 3.0-11.5. 

The suppressed EOF gradually becomes more cathodic as the pH increases, with 

the polyoxyethylene displaying some ion retention characteristics. Thus, careful 

selection of the buffer ions is important to achieve reproducible EOF. The 

sequential coating shows a good stability in buffers containing up to 20% v/v 

acetonitrile. 
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Chapter Six: Cationic surfactant bilayer capillary 

coatings under alkaline conditions 

6.1 Introduction 

 Buffer pH is a powerful variable in optimizing selectivity in CE. However 

the separation of weakly acidic compounds with high pKa requires the use of high 

pH. For instance, the optimum separation of dichlorinated phenols (pKa = 6.7–

8.6) was achieved at pH 9.0 [1], and a mixture of three aromatic amino acids 

(pKa2 ∼ 9.19 - 9.33) was best at pH 10 [1]. One challenge is that the EOF is 

strongly cathodic under such alkaline conditions. This strong EOF significantly 

increases the average apparent electrophoretic mobilities of the analytes relative 

to the differences in their electrophoretic mobilities, resulting in reduced 

resolution (Equation 1.18). Thus, there is an interest in the development of 

capillary coatings with high pH stability that would allow suppression or control 

of the EOF at high pH. 

 Although covalent coatings can be effective at minimizing analyte 

adsorption and suppression of EOF, many covalent coatings have poor stability at 

basic pH [2]. The silane chemistry introduced by Hjertén [3] for covalent 

capillary coatings suffers from hydrolysis of the Si-O bonds at high pH. Similarly 

polyacrylamide based covalent coatings are susceptible to hydrolysis at high pH 

[1]. Such a hydrolysis results in the destruction of the coating.  

 Physically adsorbed coatings are easy to prepare, regenerable, and cost 

effective [4]. Polybrene (HDMB) has been used to reverse the EOF at pH 13.1 
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(130 mM NaOH) for the separation of carbohydrates [5]. The reversed EOF 

yielded a faster separation, but the polybrene coating had to be regenerated after 

every run due to the high pH. Successive multi-ion layer (SMIL) coatings have 

also been explored for global separations of anionic metabolites from urine using 

pH 9 BGE [6]. A polybrene-dextran sulfate-polybrene coating yielded reasonable 

separations of anionic species such as orotic acid, uric acid, hippuric acid and 

tyrosine, but broad peaks of FAD and no peak for NADPH due to electrostatic 

interactions with the positively charged capillary wall. The use of a polybrene-

polyvinyl sulfate coating eliminated adsorption of the multivalent anionic 

compounds, but the counter-EOF was insufficiently strong to sweep fast moving 

analytes such as citric acid to the detector [6]. Hence, while there is interest in 

performing CE separations at high pH using semi-permanent adsorbed coatings, 

to date a stable and effective coating is lacking. 

The sequential DODAB/POE diblock copolymer coatings showed good 

stability and suppressed EOF over a wide range of pH 3.0-11.5 (Chapter Five). 

Thus, DODAB/POE diblock copolymer coatings can be used for CE applications 

at high pH.  The sequential coating has been applied to CE separations at acidic 

pH [7], neutral pH [8] and cIEF separations pH 3-10 [9]. The EOF was 

suppressed and anodic at low pH. As the pH increased, the EOF was still 

suppressed but now cathodic (Chapter Five). This reversal in EOF of the 

sequential coating is consistent with the reported applications of the sequential 

coating [8, 10]. To explore if the anchor DODAB layer is responsible for this 



 171 

reversal, the EOF of the DODAB alone coating capillaries vs. pH is studied in this 

chapter. 

 As discussed in previous chapters, coatings prepared from two-tailed 

cationic surfactants are easy to form and produce stable physically adsorbed semi-

permanent coatings [11-13]. DODAB forms a bilayer on the capillary wall 

through electrostatic interactions between the cationic surfactant vesicles and the 

anionic fused silica wall. Given this electrostatic interactions, we assumed that the 

DODAB bilayer coating would be stable or more stable at high pH where the 

silanols on the capillary wall are essentially fully deprotonated.  Thus a strong 

anodic EOF was expected for DODAB capillaries at high pH. To our surprise, 

suppressed anodic and even cathodic EOF were observed at pH > 9.  This chapter 

explores the cause of this unexpected behavior. 

6.2 Experimental 

6.2.1 Apparatus 

 All capillary electrophoresis experiments were conducted on a Hewlett 

Packard 3DCE instrument equipped with a UV absorbance detector. Data 

acquisition at 10 Hz was carried out on a Pentium II HP personal computer 

running HP 3DCE ChemStation software. Untreated fused-silica capillaries 

(Polymicro Technologies, Phoenix, AZ, USA) of total length 32 cm (23.5 cm to 

the detector), i.d. of 50 µm and o.d. of 365 µm were used. The cartridge aperture 

was 100 μm×200 µm and the capillary was thermostated at 25°C. High pressure 

rinses were at 2 bar. 
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6.2.2 Chemicals 

 All solutions were prepared using Nanopure 18-MΩ ultrapure water 

(Barnstead, Dubuque, IA, USA). The cationic surfactant DODAB was used as 

received from Sigma (Oakville, ON, Canada). The neutral EOF markers benzyl 

alcohol (2 mM; , 214 nm) and mesityl oxide (2 mM; , 254 nm) were used as 

received from Sigma. 

 To study the effect of pH on the coating performance, the following 

buffers were used (Table 6.1): phosphate buffers at pH 3.0 (50 mM), 7.0 (20 mM) 

and 11.5 (11 mM) were prepared from phosphoric acid, sodium monohydrogen 

phosphate and sodium dihydrogen phosphate (BDH, Toronto, ON, Canada), 

respectively. Acetate buffers were prepared from acetic acid (Caledon 

Laboratories Ltd., ON, Canada). Sodium hydroxide was used for pH adjustment. 

Tris HCl buffers were prepared from ultrapure tris (hydroxyl-methyl) amino 

methane (Tris; Schwarz/Mann Biotech, Cleveland, OH, USA) and the pH was 

adjusted using HCl. Buffer pH was measured using a Corning digital pH meter 

model 445 (Corning, Acton, MA, USA).   

6.2.3 Surfactant preparation and coating procedure 

 Surfactant coating solutions were prepared using the sonicate/stir method 

[13].  DODAB solution was prepared by dissolving the surfactant in water. The 

solution was sonicated for 30 min at 60°C and then stirred for 15 min. This 

sonication/stir cycle was repeated until a clear solution was obtained. Typically 2 
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cycles were needed. The surfactant solution was then allowed to cool to room 

temperature before use. Fresh surfactant solutions were prepared daily. 

 New capillaries were preconditioned with a 0.1 M NaOH rinse for 3.5 min 

at 2 bar and then flushed with water for 3.5 min. The capillary was then rinsed 

with 0.1 mM DODAB for 10 min. Finally, a 1 min buffer rinse was performed to 

remove any unadsorbed coating solution from the capillary.  

6.2.4 Coating stability 

 The stability of capillary coatings was evaluated by monitoring the EOF 

during electrokinetic rinsing [14]. Consecutive EOF determinations were 

performed by successive injections of the neutral marker and application of 

voltage.  Strongly suppressed EOF (< 1×10-4 cm2/Vs) were measured using the 3 

injection method of Williams and Vigh [15]. A new capillary was used for each 

new buffer. Buffer inlet and outlet vials were used up to a maximum of three runs 

then replaced with fresh buffer vials. 

6.2.5 ESI-MS 

 To test for chemical instability of DODAB at basic pH, 0.1 mM DODAB 

was prepared according to procedure in Section 6.2.3. An aliquot of DODAB was 

treated with 0.1 M NH4OH to a pH ~ 10 (at 25°C for 24 h). High resolution ESI-

MS analyses of both untreated DODAB and DODAB/NH4OH were performed to 

determine the molecular mass of the compound. ESI-MS analyses were 

performed on an Agilent Technologies 6220 TOF-ESI-MS (Santa Clara, CA, 

USA) by direct injection. 
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6.2.6 Dynamic light scattering measurements 

 Mean vesicle diameters (size) and polydispersity indices (PDIs) were 

determined at 25°C by dynamic light scattering (DLS) using a Malvern Zetasizer 

Nano-ZS Sizer (Worcestershire, U.K.) equipped with a 4 mW He–Ne laser 

(633 nm). Values obtained were based on 15 runs for each sample (150 s per 

sample).  0.1 mM DODAB in water was prepared using the sonicate stir method 

detailed in Section 6.2.3. DODAB was then diluted 19:1 with 1.0 M NaCl or 1.0 

M NaOH to yield solutions of 50 mM ionic strength. The vesicle size was 

determined at 0 h (immediately after dilution), after 1 h and after 24 h. 

6.3 Results and Discussion 

 Surfactants can form capillary coatings which enable efficient protein 

separations [13, 16]. Two-tailed surfactants such as DDAB and DODAB possess 

the correct packing factor (i.e., a cylindrical geometry) to form a supported 

bilayer on a flat surface [12]. The stability of the surfactant cationic bilayer is 

affected by the carbon chain length [13], capillary i.d. [13, 17], buffer ionic 

strength and buffer anion [18]. Herein, we investigate the performance of cationic 

bilayer surfactant coating under alkaline conditions. 

6.3.1 DODAB stability at pH 3-7 

 The quaternary ammonium surfactant; DODAB forms a semipermanent 

coating on the capillary inner surface. The positively charged surfactant bilayer 

adsorbed to the capillary surface effectively prevents the adsorption of basic 

proteins [13, 16-18]. Phosphate pH 3.0 [18], formate pH 3.0-4.5 [13] and acetate 
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pH 5.0 [17] buffers have all been used with DODAB coated capillaries to yield 

high efficiency separations of model basic proteins. 

 The buffer anion has been observed to have a profound effect on the 

DODAB vesicle size and coating stability [18]. Conditions which promote 

smaller unilamellar vesicles (SUVs) should be utilized. Weakly associating buffer 

anions such as phosphate pH 3.0 (H3PO4/H2PO4
-), acetate and chloride resulted in 

smaller vesicles and should be used for DODAB coating solutions [18]. In 

contrast, strongly associated anions such as bromide and phosphate pH 7.0 

(H2PO4
- /HPO4

2-) resulted in larger vesicles and poor coatings particularly at high 

ionic strength [18].  

 DODAB coated capillaries exhibit strongly anodic EOF [13, 17]. Such 

coatings are termed semi-permanent since, as shown in Chapter Two, multiple 

runs may be performed on the coated capillaries with little change in the EOF [13, 

17]. The decrease in the anodic EOF results in an increase in migration time from 

run to run, and reflects the instability of the coating. A series of buffers of 

constant ionic strength (Is =44 mM) was used to assess the stability of DODAB 

coatings at pH 3-7 (Table 6.1 and Figure 6.1). Acetate buffer (pKa =4.76) was 

used at up to pH 7.0 to keep the same buffer anion while varying the pH. As a 

limited number of runs were performed, the limited buffer capacity of these 

solutions was not of great concern. Buffer inlet and outlet vials were used up to a 

maximum of three runs then replaced with fresh buffer vials to avoid buffer 

depletion.  
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 Figure 6.1 shows the successive EOF determinations for DODAB coated 

capillaries using the buffers indicated in Table 6.1. Buffers with weakly 

associated anions such as phosphate pH 3.0, acetate pH (4.0-7.0) and Tris-HCl pH 

7.0 yield stable strongly anodic EOF (- 5.8 to -4.9 × 10−4 cm2/Vs). The RSD of  

the EOF was 0.35-4.5% over 10 successive runs (n=10), and displayed only 

random fluctuations. These results indicate that DODAB forms a stable coating 

over the pH range 3-7, consistent with previously reported results [13, 17, 18]. 

However, careful selection of buffer anion is still crucial [18] to obtain stable 

EOF. For instance, 10 mM sodium citrate pH 6.0 and 20 mM sodium phosphate 

pH 7 (Table 6.1) deteriorated the performance of DODAB coated the capillary 

and resulted in irreproducible suppressed cathodic EOF (+0.5 to +1.5 × 10−4 

cm2/Vs).  

 The influence of buffer anion on DDOAB coating observed above is 

consistent with previous work of Gulcev et al.  [18]. The use of acetate, chloride 

or H2PO4
- (i.e., phosphate pH 3.0) resulted in small DODAB vesicle size < 100 

nm and effective coating [18]. In contrast, HPO4
2- (i.e., phosphate pH 7.0, ≥ 10 

mM) resulted in DODAB solution with a vesicle size of 1100 nm which did not 

form effective capillary coating. Thus, weakly associating buffer anions which 

provide small DODAB vesicle size should be used for an effective coating. 

6.3.2 DODAB stability at pH ≥ 7.0 

 The stability of the DODAB bilayer coating at pH ≥ 7.0 was studied using 

Tris-HCl buffers for pH 7-10 (Table 6.1). At both pH 7.0 and pH 8.0, 0.1 mM  
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Table 6.1: Buffers used to study pH stability of DODAB coated capillaries  

pH Buffer Is (mM) EOFa×10-4 cm2/Vs 
(%RSD) 

3.0 50 mM 
sodium phosphate 

44 -5.82 (1.1) 

4.0 250 mM 
sodium acetate 

44 -4.94 (6.0) 

5.0 65 mM 
sodium acetate 

44 -5.69 (2.2) 

6.0 46 mM 
sodium acetate 

44 -5.17 (0.4) 

6.0 10 mM 
sodium citrate 

44 -------b 

7.0 44 mM 
sodium acetate 

44 -5.05 (1.3) 

7.0 20 mM 
sodium phosphate 

44 -------b 

7.0 50 mM 
Tris-HCl 

44 -5.05 (5.4) 

8.0 50 mM 
Tris-HCl 

28 -4.94 (2.3) 

9.0 50 mM 
Tris-HCl 

5 -------b 

9.0 50 mM 
Tris-HCl+ NaCl 

44 -------b 

10.0 50 mM 
Tris-HCl 

 -------b 

11.5 11 mM  
sodium phosphate 

44 -------b 

Experimental conditions: 32 cm × 50 m i.d. (23.5 cm to detector); 2 mM 
benzyl alcohol (, 214 nm) or 2 mM mesityl oxide (, 254 nm)   injected for 3 s 
at 50 mbar; temperature, 25C.  
a average of 10 determinations 

b Irreproducible EOF 
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Figure 6.1: Stability of 0.1 mM DODAB coated capillaries at pH 3-7 in various 
buffers of constant (44 mM) ionic strength. 50 mM sodium phosphate pH 3.0 (■), 
250 mM sodium acetate pH 4.0 (▲),  65 mM sodium acetate pH 5.0 (♦), 46 mM 
sodium acetate pH 6.0 (●), 44 mM sodium acetate pH 7.0 (×) and 50 mM Tris-
HCl pH 7.0 (□).  

Experimental conditions:  32 cm  50 m i.d. capillary (23.5 cm to detector); 2 
mM benzyl alcohol (, 214 nm) or 2 mM mesityl oxide (, 254 nm) injected for 3 
s at 50 mbar; temperature, 25C. 
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DODAB yielded stable capillary coatings with strongly anodic EOF (Figure 6.2). 

However at pH 9.0, capillaries coated with 0.1 mM DODAB exhibited 

unpredictable and irreproducible EOF. Figure 6.2 illustrates the various types of 

behavior that were observed.  For some trials at pH 9.0 (e.g., ● in Figure 6.2), the 

EOF was initially anodic and then gradually drifted to a steady state suppressed 

cathodic EOF. In other trials, the EOF was already cathodic from the first 

injection (● in Figure 6.2). Regardless, after a series of injections the EOF at pH 

9.0 reached a steady state that was cathodic, but suppressed (≤  2 × 10−4 cm2/Vs) 

compared to the EOF of a bare capillary under the same buffer conditions (+8.0 × 

10−4 cm2/Vs). The same EOF trend was observed using 50 mM Tris-HCl pH 10.0 

(Figure 6.2). DODAB coated capillaries equilibrated with Tris buffers pH 9-10 

for 15 min or longer (i.e. in contact with buffer, neither voltage nor rinse was 

applied) always resulted in suppressed and cathodic EOF without any gradual 

transition.  

 Previous studies have shown that low ionic strength and weakly 

associating buffer anions are needed to form smaller DODAB vesicle size and 

more stable coatings [18]. Despite the low ionic strength of 50 mM Tris-HCl pH 

9.0, (Is=5 mM) and weakly associating nature of the buffer anion Cl-, the resultant 

EOF indicated instability of the cationic surfactant bilayer. This behavior suggests 

that high pH of the separation buffer destabilizes the DODAB coating possibly by 

desorption at the higher pH or by chemical degradation due to the alkaline 

conditions.  
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Figure 6.2: Stability of 0.1 mM DODAB coated capillaries at pH ≥7.0. 

50 mM Tris-HCl pH 7.0 (□), 50 mM Tris-HCl pH 8.0 (∆), 50 mM Tris-HCl pH 
9.0 (● ● ●) and 50 mM Tris-HCl pH 10.0 (×). 

Experimental conditions:  32 cm  50 m i.d. capillary (23.5 cm to detector); 2 
mM benzyl alcohol (, 214 nm) or 2 mM mesityl oxide (, 254 nm) injected for 3 
s at 50 mbar; temperature, 25C. 
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6.3.3 pH switching of DODAB coated capillaries 

 To test whether the DODAB was desorbed or chemically degraded by the 

high pH, a capillary was coated with DODAB at pH 3.0 and then EOF were 

determined under pH conditions that alternated between pH 3.0 (where the 

coating was stable) and 9.0 (where the capillary transitions to a cathodic 

suppressed EOF). Figure 6.3  shows the initial EOF at pH 3.0 was strong and 

anodic (-5.7 × 10−4 cm2/Vs). After the capillary was flushed with pH 9.0 buffer, 

the EOF was +1.5 × 10−4 cm2/Vs, consistent with Section 6.3.2. Switching the 

BGE back to pH 3.0, resulted in an EOF that was again anodic but lower in 

magnitude than originally observed at this pH (Figure 6.3). This indicates that 

DODAB layer was still adsorbed to the capillary inner surface but now with a 

lower positive zeta potential. Repeating the switch between pH 3.0 and 9.0 

buffers a second time resulted in similar behavior. These results indicate that 

DODAB is still adsorbed on the capillary surface after exposure to alkaline 

buffers (as indicated by the renewed anodic EOF at low pH). 

 Figure 6.4 shows a similar experiment using pH switches between pH 3.0 

and pH 11.5 phosphate buffers. The EOF trend observed for the first cycle of pH 

switching was the same as in Figure 6.3. However, with the second cycle, there 

was a further increase in the magnitude of cathodic EOF at pH 11.5 and a further 

decrease in the magnitude of anodic EOF at pH 3.0 compared to first cycle.  Thus 

again the high pH does not fully desorb the DODAB from the capillary, but does 

cause substantial changes to the coating. These observations may be explained 
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Figure 6.3: EOF of 0.1 mM DODAB coated capillary switched between pH 3.0 
and pH 9.0. 

50 mM sodium phosphate pH 3.0 (□) and 50 mM Tris HCl pH 9.0  (●). Before 
each switch, the capillary was rinsed with water for 1 min then with buffer for 1 
min then equilibrated with buffer for 15 min. 

Experimental conditions:  ± 15 kV; 32 cm × 50 m i.d. (23.5 cm to detector); 2 
mM benzyl alcohol (, 214 nm) injected for 3 s at 50 mbar; temperature, 25C.  
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Figure 6.4: EOF of 0.1 mM DODAB coated capillary switched between pH 3.0 
and pH 11.5. 

50 mM sodium phosphate pH 3.0 (□) and 11 mM sodium phosphate pH 11.5  
(▲). Before each switch, capillary was rinsed with water for 1 min then with 
buffer for 1 min then equilibrated with buffer for 15 min. 

Experimental conditions:  ± 15 kV; 32 cm × 50 m i.d. (23.5 cm to detector); 2 
mM benzyl alcohol (, 214 nm) injected for 3 s at 50 mbar; temperature, 25C.  
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by either: 1) chemical change in the coating when exposed to pH ≥ 9.0; 2) 

Physical instability of DODAB bilayer; or 3) partial desorption of the DODAB 

coating. The following sections explore these hypotheses. 

6.3.4 Alkaline reactions of DODAB 

 Tetraalkyl ammonium cations can react under alkaline conditions to form 

a tertiary amine and a side product. Different mechanisms of attack by hydroxide 

have been suggested for the degradation reaction [19, 20].  As shown in Equation 

6.1, the quaternary amine may experience an SN2 nucleophilic substitution 

leading to alcohol formation. Alternately, Hofmann elimination (Equation 6.2) 

might occur resulting in alkene formation.  

 

 

 Regardless of the mechanism, the degradation reaction results in the 

formation of a trialkyl tertiary amine. Such an amine would have a pKa of ~ 9.  

Thus, if a tertiary amine were formed, the tertiary amine would be protonated at 

pH 3.0 and an anodic EOF would be expected at low pH. At pH  9.0, the tertiary 

amine would be partially to fully deprotonated and so the capillary inner surface 

would be slightly cationic  to neutral which accounts for the suppressed cathodic 

EOF observed at pH 9 (Figure 6.3) and 11.5 (Figure 6.4).  

(CH3)2 N+ (C18H37)2 

 

+ OH- (CH3) N  (C18H37)2 

 

+ CH3OH 

(CH3)2 N+ (C18H37)2 

 

+ OH- (CH3)2 N  (C18H37) 

 

+ C18H36 + H2O 

(6.1) 

(6.2) 
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 Both the SN2 and Hoffman elimination decomposition mechanisms 

involve the formation of a side product resulting in the formation of a trialkyl 

amine of lower mass than DODAB. Electrospray mass spectrometric analysis of 

DODAB and DODAB in NH4OH was conducted (Section 6.2.5). The m/z of 

DODAB/NH4OH was the same as untreated DODAB (Figure 6.5). This result 

indicted that DODAB did not undergo chemical degradation under the mild 

alkaline conditions used in this chapter. Thus, the behavior of DODAB coated 

capillary exposed to pH 9.0 can not be explained by chemical instability. 

 The lack of chemical decomposition under our experimental conditions is 

consistent with the literature. Decomposition under alkaline conditions has 

previously only been observed under highly alkaline conditions at elevated 

temperature [19, 20]. Anion exchange columns containing quaternary amine 

anion exchange sites are routinely run in NaOH eluents in ion chromatography 

without capacity loss or loss in performance. Conversion of the quaternary amine 

exchange sites to tertiary amines has only been observed at column temperatures 

in excess of 60oC [21]. Similarly, studies of DODAB aggregation behavior has 

been studied in solutions of up to 0.5 M NaOH, with no discussion of 

decomposition.  

  Hence both direct chemical analysis and frequent usage of quaternary 

amines under comparable or more harsh alkaline conditions indicate that 

conversion of the quaternary amine in DODAB to a tertiary amine is unlikely.  

Thus, there must be an alternate cause for the EOF behavior observed at high pH.  
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Figure 6.5: ESI Mass spectra of DODAB and DODAB treated with ammonia. 
 
0.1 mM DODAB was prepared in water as per Section 6.2.3. An aliquot of 
DODAB was treated with 0.1 M NH4OH to a pH ~ 10 (at 25°C for 24 h). 
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6.3.5 Aggregation behavior of DODAB under alkaline conditions 

 Two-tailed surfactants aggregate to form vesicles in solution. When the 

capillary is rinsed with the surfactant solution, vesicles adsorb to the capillary 

surface, and then fuse and/or rupture to form a supported bilayer on the capillary 

inner surface [22, 23]. Vesicle size affects the rate of formation of the coating and 

the coating performance [24]. Bath sonicated aqueous dispersions of DODAB are 

metastable for several months after preparation [25]. The metastability of the 

dispersion is manifested by the slow increase in the vesicle size and polydispersity 

with time [25]. When DODAB is prepared in buffer solution, the vesicle size of 

DODAB and its effectiveness to form a stable capillary coating are sensitive to 

the buffer conditions. Increase in the  buffer ionic strength results in increased 

DODAB vesicle size [26, 27] and ineffective capillary coating [18].  

 Dynamic light scattering (DLS) enables study of such molecular 

aggregation. With DLS, the vesicle aggregation (i.e., vesicle size) can be 

monitored as a function of time [18, 25]. The polydispersity index (PDI) is also 

useful in monitoring such solutions, as it provides information on the range of 

vesicle sizes present. PDI values range from 0 to 1. A PDI value close to zero 

indicates a monodisperse system. The higher the PDI, the broader the distribution 

of the vesicle size.   
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 Using the sonicate /stir method detailed in Section 6.2.3, 0.1 mM DODAB 

prepared in nano pure water yielded vesicles with a mean diameter of 65 nm  and 

a PDI of 0.27 (Table 6.2). After 24 h, the average vesicle diameter increased to 

200 nm and the PDI increased slightly to 0.31. DODAB vesicles in NaOH 

increased from 79 nm at zero time (time when NaOH was added) to 1350 nm 

after 24 h. This represents a 17 fold increase in the vesicle size – much greater 

than was observed for DODAB in distilled water. In addition, the PDI increased 

from 0.35 to 0.79 after 24 h. After 24 h, the DODAB solution treated with NaOH 

turned cloudy while the untreated DODAB solution remained clear.  

The vesicle size of DODAB increases with increasing the ionic strength 

[18, 26, 27]. To confirm that the increased vesicle size observed above is due to 

the effect of pH rather than the effect of ionic strength, DLS measurements were 

performed for DODAB in NaOH and NaCl solutions of same ionic strength. After 

24 h, the vesicle size of DODAB in NaCl increased only to 360 nm. This is 

comparable to the behavior observed for DODAB vesicles in 50 mM sodium 

phosphate pH 3.0 (Is= 44 mM) and 50 mM NaCl (Is= 50 mM) where the vesicle 

sizes were < 250 nm and 400 nm, respectively after 24 hours [18]. These results 

demonstrate the effect of OH- on the increased vesicle size of DODAB and the 

broad distribution of vesicle size is due to pH effects and not solely ionic strength. 

This is consistent with the literature, where an aggregation number of 63 was 

observed for DODA-Cl in 0.05 M NaCl and 6,000 for DODA-OH in 0.05 M 

NaOH [28]. 
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 Solution conditions which favour the formation of large vesicles of a 

capillary coating solution result in poor coatings [18, 24]. However, in this 

chapter, the DODAB solution was prepared in water according to the procedure in 

Section 6.2.3 which should form small unilamellar vesicles (confirmed by the 

vesicle size of 65 nm in Table 6.2). This SUV solution was then used as a coating 

solution to form the cationic bilayer on the capillary inner surface. The 

effectiveness of this DODAB bilayer coating procedure was also confirmed by 

the strong and stable anodic EOF observed at pH 2-8. However, at pH ≥ 9.0 the 

EOF was suppressed and cathodic (Section 6.3.2). Based on the DLS results 

above, a condition that promotes large vesicle formation was established inside 

the coated capillary when the background electrolyte was at pH ≥ 9.0. Thus, 

changes in the morphology of the bilayer might be expected at higher pH.  

However, given the low binding constant of OH- for DODA+ [29, 30], changes 

were not expected at pH as low as 9.0. 

Table 6.2:  DODAB vesicle size behavior in water, NaOH and NaCla 
 0 h 1 h 24 h 
 Mean vesicle 

size (nm) PDI Mean vesicle 
size (nm) PDI Mean vesicle 

size (nm) PDI 

DODAB 65 0.27 119 0.33 200 0.31 
DODAB-
NaOHb 79 0.35 470 0.65 1350 0.79 

DODAB-
NaClb ------c ----c 140 0.27 360 0.38 
a Determined by dynamic light scattering (DLS), as per Section 6.2.6. 
b 0.1 mM DODAB was prepared in water as per Section 6.2.3, and then diluted 
19:1 with 1.0 M NaOH or 1.0 M NaCl to yield solutions of 50 mM ionic strength. 
c Not measured. 
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 DODAB coated capillaries exhibited strong anodic EOF at pH 2.0-8.0 

(Figures 6.1 and 6.2). Unexpectedly, the EOF of DODAB coated capillaries was 

suppressed and cathodic at pH  9.0 (Figures 6.2, 6.3 and 6.4). The colloid 

literature can help explain the observed suppressed cathodic EOF at pH  9.0. As 

discussed in Chapter Two, the stability of the  bilayer coatings depends on the 

desorption of the surfactant from the bilayer to saturate the background 

electrolyte. The degree of this desorption correlates with the critical vesicle 

concentration (CVC) - the higher the CVC, the lower the stability [13]. The CVC 

of dioctadecydimethylammonium hydroxide (DODAOH) is more than an order of 

magnitude higher than that of dioctadecydimethylammonium bromide (DODAB) 

[28]. Accelerated desorption of the DODA+ layer when exposed to pH ≥ 9.0 

driven by the increase in CVC may explain the EOF behaviour. The presence of a 

residual DODA+ bilayer on the capillary surface would result in a lower surface 

negative potential and lower cathodic EOF compared to that of a bare capillary at 

pH 9.0. When the pH is switched to 3.0 (Section 6.3.3) where silanols are 

protonated, the residual DODA+ would result in weakly anodic EOF. The 

presence of residual adsorbed surfactant is consistent with previous studies of 

surfactant desorption [14, 31]. This finding was supported by the presence of 

moderate residual  EOF after extensive washing of DDAB coated capillary [14].  

6.3.6 Protein separation 

 To test for the utility of DODAB coated capillaries after alkaline exposure, 

protein separations were performed in a manner similar to the pH switching 

experiments described in Section 6.3.3. A binary mixture of Ribonuclease A and 
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Lysozyme was first separated on freshly DODAB coated capillary at pH 3.0 

(Figure 6.6a). The BGE was switched to pH 9.0 and then back to pH 3.0 for a 

second protein separation (Figure 6.6b). A second cycle of pH switching followed 

by protein separation was performed (Figure 6.6c). 

  The EOF of freshly coated DODAB capillary was strongly anodic (-5.4 × 

10−4 cm2/Vs) at pH 3.0. The two cationic proteins were separated successfully on 

the freshly DODAB coated capillary (Figure 6.6a). After the first cycle of pH 

switching (i.e. BGE was changed up to pH 9.0 and the back to pH 3.0), the EOF 

became moderately anodic (-2.5 × 10−4 cm2/Vs), consistent with Section 6.3.3. 

The weak counter EOF necessitated the application of voltage associated with 

pressure to move the protein peaks towards the detector. After the first cycle of 

pH switching, the protein corrected peak areas were 30-50 % of the values 

obtained using freshly DODAB coated capillaries. The decrease in peak areas and 

baseline not returning to its original value after alkaline exposure (Figure 6.6b) 

indicate that irreversible protein adsorption to the capillary wall is now occurring 

[4]. After a second cycle of pH switching, protein adsorption was more severe as 

demonstrated by baseline not even partially recovered (Figure 6.6c). These results 

indicate degradation of the cationic bilayer after alkaline exposure.  
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Figure 6.6: Separation of two basic proteins on 0.1 mM DODAB coated 
capillaries: a) before, b) after one cycle and c) after two cycles of switching 
between pH 3.0 and 9.0. 

Each cycle means that the BGE was changed to pH 9.0 then back to pH 3.0. 
Before each switch, the capillary was rinsed with water for 1 min, then with 
buffer for 1 min, and equilibrated with buffer for 15 min. 

Experimental conditions: -15 kV (a) or -15 kV and 50 mbar (b and c); 32 cm  
50 m i.d. capillary (23.5 cm to detector); separation buffer, 50 mM sodium 
phosphate pH 3.0; , 214 nm; 0.1 mg/mL protein sample injected for 3 s at 50 
mbar; temperature, 25C. 
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6.4 Conclusions 

 Past studies such as Chapter Two have shown that two-tailed cationic 

surfactants such as DODAB form stable semipermanent capillary coatings. Being 

a quaternary ammonium compound, changing the buffer pH was expected to have 

no effect on the charge. However, experimentally DODAB coating showed good 

stability and strong anodic EOF only up to pH 8. Even in this range careful 

selection of the buffer anion was crucial for stable DODAB coatings. Weakly 

associated buffer anions such as dihydrogenphosphate , acetate and chloride form 

stable DODAB coatings. Strongly associating counter-ions such as 

monohydrogen phosphate and citrate create coating instability. 

The stability of DODAB coating dropped significantly at pH ≥ 9.0. The 

EOF of DODAB coated capillary drifted gradually or abruptly from anodic to 

cathodic and suppressed at pH ≥ 9.0. The reason for the EOF behavior observed at 

high pH is uncertain. Chemical degradation at alkaline pH was excluded. The 

increase in vesicle size of DODAB at high pH could be a potential reason for the 

instabilty observed possibly through altered bilayer structure. Alkaline induced 

increase in CVC would result in accelerated desorption of the bilayer. 

Degradation of the cationic bilayer after exposure to pH ≥ 9.0 was demonstrated 

by irreversible adsorption of the proteins to the capillary surface. 
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Chapter Seven: Summary and Future work 

7.1 Summary 

 The thesis focuses on the development of capillary coatings to prevent 

protein adsorption in CE. Two-tailed cationic surfactants such as DODAB were 

primarily used as they are cost effective, regenerable and readily forms semi-

permanent bilayer coatings in CE capillaries. Factors that affect DODAB coating 

stability such as capillary i.d. and pH have been studied. A new DODAB/POE 

stearate coating has been developed which offers the advantages of combined 

stability of cationic surfactant coatings and the suppressed EOF of neutral 

polymer coatings. The coating has been applied to CZE and cIEF separations. 

Different factors that affect the stability and performance of the developed coating 

have been studied. 

7.1.1 Chapter Two 

 Cationic surfactants such as DDAB and DODAB readily form semi-

permanent bilayer coatings in CE capillaries. Chapter Two studies the impact of 

using small i.d. capillary ( 25 m) on the stability of surfactant bilayer coatings 

and efficiency of separations of model cationic proteins. Five, 10 and 25 m i.d. 

DDAB coated capillaries were used for the study. Both 5 and 10 m i.d. 

capillaries provided exceptionally high separation efficiencies for the basic model 

proteins. The coating stability improved with decreasing the capillary i.d. as 

demonstrated by improved migration time reproducibility over 40 runs with 

smaller i.d. capillaries. The bilayer stability is further enhanced by increasing the 
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length of the surfactant alkyl chain. The DODAB coated 5 m capillary offered 

both high short and long term stability. Two hundreds and ten consecutive protein 

separations (1050 minute total run time) were performed without regeneration of 

the coating. The separation efficiency was 1.4 to 2.0 millions plates/m with 

migration time repeatability of 1.7-1.9 %RSD. In the long term stability study, the 

capillary maintained high performance for 300 injections performed over a 30 day 

period without any regeneration of the coating. The migration time reproducibility 

over this period was 6.8 %RSD.  The 5 m DODAB coated capillary was applied 

to the separation of cationic transmitters with separation efficiency >470 000 

plates/m. 

7.1.2 Chapter Three 

The DODAB bilayer coatings in Chapter Two provided high stability and 

high separation efficiency of proteins. However, the DODAB coating results in a 

strong anodic EOF, which can overwhelm the differences in electrophoretic 

mobilities of the analytes, and thereby yield reduced resolution. The need for a 

stable coating with a suppressed EOF was the motivation to develop a new 

versatile coating in Chapter Three. The new coating was formed by flushing the 

capillary with the two-tailed cationic surfactant DODAB, followed by flushing 

the capillary with a solution of the neutral diblock copolymer POE stearate. The 

DODAB/POE stearate sequential coating offers the advantages of the stability of 

cationic surfactant coatings and the suppressed EOF of neutral polymer coatings. 

The coating was demonstrated to effectively prevent protein adsorption and 

enable tuning of the EOF. A sequential rather than mixed method for coating 
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preparation produces a more predictable EOF and can separate basic proteins with 

higher average efficiency. Coatings formed using the sequential method were 

more stable over a larger number of runs (%RSD for migration times: 0.7–1.0% 

over 30 runs) than those formed using the mixed method (%RSD: 2.4–4.6% over 

14 runs). The EOF in the presence of this coating was tunable by varying the 

polymer chain length, and by mixing polymer chains of different lengths. A 

tunable EOF (-2.40 to -0.17 x10-4 cm2/Vs) was achieved by varying the POE 

chain length (8, 40 and 100 oxyethylene units). Mixtures of POE 8 and POE 40 

stearate enabled continuous variation of the EOF from -2.44 to -0.42 x10-4 

cm2/Vs. The ability to tune the EOF is important in maximizing the resolution of 

analytes with similar electrophoretic mobilities. Separations of basic proteins 

yielded efficiencies of 760 000 – 940 000 plates/m. Histone proteins can be 

separated with high efficiency into nine subtypes on coatings formed using the 

sequential method. Acidic proteins were separated on a sequentially coated 

capillary at pH 6.4. 

7.1.3 Chapter Four 

The sequential DODAB/POE stearate coating developed in Chapter Three 

is easy to prepare, low cost, semi-permanent, and provides controllable EOF by 

varying the POE chain length. In this chapter, the developed coating was applied 

to a different mode of CE; capillary isoelectric focusing (cIEF). Single-step cIEF 

is facilitated by the presence of a moderately suppressed EOF to move the 

analytes to the detector during the focusing step. Single-step cIEF can be 

performed using the DODAB/POE 40 stearate version of the sequential coating. 



199 

Two-step cIEF requires a strongly suppressed EOF to allow long-term focusing of 

analytes on the capillary, followed by a mobilization step. Two-step cIEF can be 

performed using either DODAB/POE 40 stearate or DODAB/POE 100 stearate. 

The sequential coatings can be tailored based on the degree of resolution required 

and the analysis time. A set of peptide markers was used to assess the coating 

performance. High resolution separations can be achieved by using, narrow pH 

range ampholytes, higher ampholyte concentration, longer POE chain and longer 

capillaries but at the expense of longer analyses time. Commercially coated 

capillaries for cIEF are expensive ($ 150-250 per capillary) and available only in 

50 m i.d. formats. The need for multiple capillaries due to protein precipitation 

and capillary clogging lead to expensive analyses during method development. 

The low cost (˂ $10 per capillary) and the ease of choice of capillary dimensions 

make the developed coating a superior alternative to commercially coated 

capillaries particularly during method development. A recta-linear pH gradient 

was established only in two-step cIEF methodology using pH 3-10 2.5% v/v 

carrier ampholyte. Hemoglobin A0 and S variants were successfully resolved on 

DODAB/POE 40 stearate sequentially coated capillaries.  

7.1.4 Chapter Five 

 The developed sequential DODAB/POE stearate was applied to CZE 

separations of acidic, basic and histone proteins (Chapter Three) and cIEF 

separation (Chapter Four). In this chapter, the use of other POE diblock 

copolymers was studied. The commercial availability of a wide selection of POE 

diblock copolymers eliminates the need for tedious synthetic procedures. 
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Attempts to coat capillaries with the POE diblock copolymers alone resulted in 

less stable capillary coatings compared to the DODAB/POE diblock copolymer 

coatings. Increasing the length of hydrophobic block from lauryl (n=12) to stearyl 

(n=18) resulted in a more stable EOF. Diblock copolymers with ester or ether 

functional group suppressed the EOF to the same extent and showed similar EOF 

stability. A suppressed EOF was obtained regardless of the length of the 

polyoxyethylene chain, but the direction and magnitude of the EOF was 

dependent on the POE chain length and the pH in a complex fashion. Also, the 

polyoxyethylene showed ion retention characteristics. Chaotropic anions such as 

ClO4
– are retained onto the capillary coating. Thus, the selection of the buffer ions 

is important as this may influence the magnitude and even the direction of EOF of 

the coated capillary. The sequential DODAB/POE diblock copolymer suppressed 

the EOF and showed good stability over a wide range of pH 3-11.5. Interestingly, 

the suppressed EOF was anodic at low pH and cathodic at high pH. The 

sequential coating shows good stability in buffers containing up to 20% v/v 

acetonitrile. 

7.1.5 Chapter Six 

The quaternary ammonium surfactant DODAB forms a stable 

semipermanent capillary coating. Changing the buffer pH should have no effect 

on the charge of DODAB. However, DODAB coatings exhibited a strong anodic 

and stable EOF only up to pH 8. Care had to be taken to use weakly associated 

buffer anions. At pH ≥ 9.0, the EOF was cathodic and suppressed. The reason for 

the EOF behavior at high pH is uncertain. Chemical degradation at alkaline pH 
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was excluded. The increase in vesicle size of DODAB at high pH could be a 

potential reason for observed EOF trend. The increased vesicle size may result in 

an altered bilayer structure or accelerated desorption of the bilayer or both.  

Interestingly, despite this variation in the EOF of the underlying DODAB 

bilayer, the DODAB/POE coatings studied in Chapters Four and Five maintained 

a suppressed EOF and prevented protein adsorption up to pH 11.5. 

7.2 Future work 

7.2.1 Gemini cationic surfactants as capillary coatings 

 Gemini surfactants consist of two hydrophobic alkyl chains and two polar 

headgroups covalently attached by a spacer group. They share the same general 

structure m-s-m (Figure 7.1) where m stands for the surfactant monomer and s 

stands for the spacer group. Gemini surfactants differ in the chemical composition 

of the spacer group and hydrocarbon tail length. Gemini surfactants show many 

superior features to their single-tailed analogs, such as enhanced water solubility 

and remarkably lower CMC [1]. The CMC of a gemini surfactant is one to two 

orders of magnitude lower than those for the corresponding monomeric 

surfactants [2]. The spacer group is of great importance in determining the 

solution properties of gemini surfactants [2].  
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Figure 7.1: General structure of gemini surfactants. 

 

 Based on the work of Lucy and co-workers [3-5] who used two-tailed 

cationic surfactants as semipermanent capillary coatings, gemini di-quaternary 

ammonium surfactants were introduced as capillary coating for CE separation of 

proteins and control of the EOF [6-8]. Gemini surfactants have also been used in 

an aqueous organic system for CE separations of inorganic anions [9]. Self-

assembly of cationic gemini surfactants on the capillary surface was the basis of 

capillary coating in all cases. The coating stability increased with the alkyl chain 

length Cm [6], consistent with the results of Chapter Two. The double long chains 

of gemini surfactants (Cm  ≥ 14) yielded  good coating stability with the best 

stability achieved when Cm =18. The use of long-chained gemini surfactants 

further reduced the CMC and enhanced the stability of the self-assembled coating. 

The length of the spacer group affected both the coating stability and the 

magnitude of EOF [6]. The enhanced water solubility of gemini surfactants 
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allowed for ease of preparation of surfactant solution by sonication at lower 

temperatures and shorter times [6].  

 Gemini di-quaternary ammonium surfactants could be a potential 

alternative for DODAB as a capillary coating at high pH. The instability of 

DODAB at high pH was attributed to alkaline induced increase in the CVC. The 

CVC of gemini surfactant is one to two orders of magnitude lower than those for 

the corresponding monomeric surfactants [2]. As the coating stability improves 

with using lower CVC [5], a gemini surfactant is expected to yield a more stable 

coating than DODAB. The two quaternary ammonium centers in a gemini 

surfactant molecule might make better attachment and stability at high pH 

compared to the single quaternary center in DODAB. 

 Recently, the synthesis of pH sensitive gemini surfactant derivatives  have 

been reported [10, 11]. The incorporation of a pH active amino group in the 

spacer enabled the synthesis of pH sensitive gemini surfactants. The pKa values 

for the amine-substituted m-7NH-m surfactants were determined to be 4.99–5.06 

[10]. It is envisioned that this new class of gemini surfactants could be very 

promising semipermanent capillary coating, particularly at acidic pH. At low pH, 

the amino functional group in the spacer will be protonated. A single gemini 

surfactant molecule will possess three cationic centers (two quaternary nitrogens 

and a protonated amino group in the spacer). This allows for multiple point 

attachment of the gemini surfactant to the capillary. Thus, enhanced coating 

stability is expected. Although the amino group in the spacer will be unprotonated 
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at basic pH, the gemini surfactant will still possess two cationic centers; enough to 

impart good coating stability. In addition, varying the pH results in varying the 

positive charge on the capillary inner surface by protonation or deprotonation of 

the amino group in the spacer. This allows for tuning of the EOF magnitude. 

 The enhanced water solubility of gemini surfactants allows for ease of 

preparation of surfactant vesicles solution. The Krafft temperature (minimum 

temperature at which surfactants form micelles) of a gemini surfactant is further 

reduced when a hydrophilic spacer is used. Thus, the presence of the amino 

substituted spacer group further enhances the water solubility of the gemini 

surfactant and facilitates solution preparation. Figure 7.2 shows the structures for 

a series of gemini surfactants with amino substituted spacer group m-7NH-m) and 

a corresponding series with non-substituted spacers. Synthesis and 

characterization of the surfactants are detailed in reference [10]. Within the same 

series, the use of longer alkyl chain length (higher Cm) results in lower CMC 

value and thus is expected to produce a more stable capillary coating.  

 
Figure 7.2 Examples for di-quaternary cationic gemini surfactants a) with amino 
substituted spacer group and b) with non-substituted spacer group. Adopted from 
Table 1 in Reference [10]. 

b) m-7-m series 

Cm (R) = C12, C16, C18 

a) m-7NH-m series 

Cm (R) = C12, C16, C18 
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7.2.2 Capillary coatings for in-capillary derivatization 

 Derivatization is a modification of the analytes of interest to introduce 

more desirable characteristics to the analyte. The most common reason for sample 

derivatization is to improve detectability. Other reasons include enhancement of 

stability and improved separation selectivity. Capillary electrophoresis is a 

powerful separation technique due to its speed, high efficiency separations and 

minimal sample volumes. Using conventional UV detection, some analytes 

encounter detection problems either due to absence of an intrinsic chromophore or 

low detection sensitivity due to the limited optical pathlength offered by narrow  

capillaries.  

 Derivatization reactions can be performed before (pre-capillary), during 

(in-capillary) or after (post-capillary) the electrophoretic separation. The pros and 

cons of each approach is detailed in reference [12]. In-capillary derivatization 

allows for automation of the whole procedure and does not require changing the 

setup of the commercially available CE devices. The small volume of the reaction 

chamber makes in-capillary derivatization useful when only small sample 

volumes are available. 

 With in-capillary derivatization, the capillary is not only used as a 

separation chamber, but also as a micro-reactor. The reactants (derivatizing 

reagents and unreacted analytes) and products (derivatized analytes) are separated 

based on differences in their electrophoretic mobilities. The sample and reagent 

plugs are introduced at the capillary inlet. When an electric field is applied, the 
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analyte migrates and mixes with the reagent, allowing the derivatization reaction 

to occur [13]. The order of sample and reagent introduction must be determined 

based on the magnitude and sign of the mobility.  

 My goal here is to utilize the capillary coatings developed in our group to 

develop a method for in-capillary derivatization. The use of capillary coatings 

allows for control of the EOF to optimize both the reaction and separation 

conditions. A model reaction (Figure 7.3) will be the derivatization of amino acids 

with 9-fluorenylmethyl chloroformate (FMOC-Cl). FMOC reacts rapidly with 

primary and secondary amine functions under mild condition. The derivatization 

reaction enables both UV and laser-induced fluorescence detection of the amino 

acids. 

 FMOC has a limited solubility in water but is easily soluble in 1:1 

water:acetonitrile. Thus, the capillary coating must be stable under mixed 

aqueous-organic conditions to be compatible with FMOC derivatization. The 

DODAB/POE diblock copolymer coatings was shown to be stable in solution 

containing ≤20% v/v ACN (Chapter Five). This makes DODAB/POE diblock 

copolymer coating unsuitable for in-capillary derivatization using FMOC. 

Injection of an ACN plug destabilized the coating which in turns lead to 

irreproducible EOF. In contrast, the polymerized lipid 1,2-bis(10,12-

tricosadiynoyl)-sn-glycero-3-phosphocholine (Diyne PC, Figure 7.4) developed 

by a colleague in  my group  was strongly resistant to organic solvent rinses [14]. 

The EOF of the polymerized Diyne PC coated capillary remained unchanged after 
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600 capillary volumes of  pure ACN rinse [14]. Thus, polymerized Diyne PC is 

anticipated to be a better option as a capillary coating for in-capillary 

derivatization. 

 Figure 7.5 shows a schematic of the proposed derivatization reaction for 

an amino acid mixture with FMOC. The capillary is filled with BGE and then a 

plug of FMOC, followed by a plug of amino acid mixture are introduced at the 

capillary inlet. Under alkaline conditions pH 8-10, the amino acids are negatively 

charged while the derivatizing reagent is neutral. When a negative polarity is 

applied (i.e. the anode is at the detection window side), the negatively charged 

amino acids migrate towards the anode driven by their electrophoretic mobilities. 

The amino acids mix with the FMOC and derivatization occurs. The derivatized 

FMOC-amino acids are then separated according to differences in their 

electrophoretic mobilities. The use of capillary coating to suppress the EOF would 

enable the electrophoretic mobility to overcome the EOF. The counter EOF (i.e. 

EOF is in opposite direction to electrophoretic mobility) maximizes the resolution 

of derivatized amino acid mixture. The EOF will carry the derivatizing reagent 

FMOC away from the detection window towards the cathode. 

 It is envisioned that the use of capillary coatings can play an important 

role in optimization of in-capillary derivatization. The availability of variety of 

capillary coatings with different criteria e.g. pH stability and non aqueous stability 

is crucial to meet the requirements of different derivatization reactions.  
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Figure 7.3: Derivatization of an amino acid with FMOC-Cl. 

 

 

 

 

 

Figure 7.4: The structure (A) and the polymerization reaction (B) of 1,2-
bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine (Diyne PC). Reprinted 
with permission from reference [14]. Copyright (2012) Elsevier. 
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Figure 7.5: Schematic for the proposed in-capillary derivatization of amino acid 
mixture with FMOC.
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