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ABSTRACT 

Isoelectric focusing (IEF) is demonstrated in capillaries and channels packed with 

sub-micron particles for the first time. Packings of silica particles were chemically 

stabilized by a mixture of methyltrichlorosilane and (chloromethyl)phenylethyl-

trichlorosilane at a ratio of 1:20 (v/v). The silica surface was modified with 

polyacrylamide prepared by surface-initiated atom transfer radical polymerization to 

minimize protein adsorption. It was shown that the silica surface was coated with a dense 

polyacrylamide layer after 4 hr polymerization with a surface coverage of acrylamide of 

84 μmol/m
2
. Both irreversible and reversible adsorption of proteins was negligible when 

the proteins migrated through capillaries coated with polyacrylamide prepared by 4 hr 

polymerization.  

Capillaries packed with 900 nm silica particles eliminate the problem of unwanted 

hydrodynamic flow between reservoirs during IEF. A mixture of three proteins including 

trypsin inhibitor, carbonic anhydrase II, and myoglobin was successfully separated by 

IEF. The time required for focusing in the packed capillaries was increased by only a 

factor of 2 compared to the open capillary, giving complete focusing in less than 15 min 

at 200 V/cm. The packed capillaries allow the use of higher electric fields, with 

resolution continually increasing up to at least 1500 V/cm. Pressure-driven 

remobilization without an applied electric field is shown to be possible with capillary 

isoelectric focusing using packed capillaries. The broadening contributed by the packing 

during remobilization is from eddy diffusion, and it is described by its plate height, H, 

which is the variance per unit length: H = σ
2
/L = 0.64 μm. This limits the resolution to 
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0.1 pH units for the 2 cm capillary having a pH range of 3−10, giving a theoretical peak 

capacity of 47.  

IEF in the channels packed with 680 nm silica particles was also studied. The 

packings in the channels are stable after being chemically modified with a brush layer of 

polyacrylamide. IEF in the packed channels obtained a resolution of 0.023 pH units at 

400 V/cm. The focusing was typically completed in less than 30 min. Increasing the 

electric field up to 1000 V/cm can continually improve the resolution of IEF in packed 

channels. Diffusion of proteins after electric field is removed slows down with decreasing 

particle size. Therefore, for the detections where remobilization is not required, the 

resolution can be maintained by packing the channels with smaller particles to slow down 

the diffusion. 
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CHAPTER 1 INTRODUCTION 

1.1 Isoelectric focusing in protein biomarker discovery 

Clinical treatment of diseases and drug development rely more and more on 

discoveries of new markers for early detection of disease and for study of disease 

progression.
1-3

 Biomarkers are considered as indicators of biological processes, either 

normal or abnormal. They can be alterations involving proteins, DNA and RNA.
2
 Among 

these biomarkers, protein based biomarkers have their own benefits. Clinical diagnostics 

of diseases work best if the biomarkers are from blood samples for the potential 

application of biomarkers in practical disease diagnostics.
4
 For this purpose, research has 

been focused on protein-based biomarkers since genomes do not exist in blood. Proteins 

play important roles in cells or on cell surface as function molecules. The changes in 

protein levels and post-translational modifications, especially glycosylations, are often 

related to possible diseases and different disease states. Therefore, study of protein 

biomarkers can help to understand the progression of diseases. In order to identify new 

protein biomarkers in thousands of serum proteins, separation techniques with high 

resolution are required. Fast separation is also desired for high throughput. 

Disease-related protein biomarkers are expected to be at concentrations of ng/mL 

or even lower in blood.
3
 Most of current chromatographic and electrophoretic separations 

will have eddy diffusion and longitudinal diffusion of sample zones leading to band 

broadening. This problem causes dilution of sample zones and potentially makes 

biomarkers undetectable during separations. In contrast, isoelectric focusing (IEF) is a 
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technique that moves and focuses amphoteric analytes, such as proteins and peptides, to 

their isoelectric points (pIs), which actually concentrates the samples. This feature is 

beneficial for biomarkers which are typically in very low concentration. Moreover, the 

amphoteric analytes can be separated once they are focused at their pIs. Due to high peak 

capacity that IEF provides, IEF is also appropriate for pre-fractionation of complex 

biological samples.
5, 6

 IEF coupled with other techniques including gel electrophoresis, 

reverse phase liquid chromatography and mass spectrometry has been applied to 

discovery of biomarkers for various cancers.
7-12

 

 

1.2 Current methodologies of isoelectric focusing 

1.2.1 The principle of isoelectric focusing 

To perform IEF, a stable pH gradient must be established from cathode to anode 

with the pH of the liquid medium decreases gradually, as illustrated in Figure 1.1(a). 

From Figure 1.1(b), the molecules of a protein start to migrate at the presence of an 

electric field based on their charges. Protein molecules initially carry negative charges 

migrate toward anode due to coulombic interaction between the molecules and the anode. 

They gradually lose negative charges and gain positive charges via protonation of amine 

groups. At the same time, protein molecules that initially carry positive charges move 

toward cathode and gradually gain negative charges through deprotonation of carboxyl 

groups. Once the molecules have net charge of zero, they stop migrating in the pH 

gradient as illustrated in Figure 1.1(c). The point in the pH gradient where the protein 
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Figure 1.1. The principle of isoelectric focusing (IEF). (a) A pH gradient established 

from cathode to anode, corresponding to gradual decreasing of pH of the medium. (b) 

Molecules of a protein migrate at the presence of an electric field. They gradually get 

protonated or deprotonated when they move in the pH gradient. Their surface charges 

change correspondently. (c) Once the protein molecules have net charge of zero, they 

stop moving and remain stationary in the pH gradient. The point in the pH gradient which 

protein molecules have zero net charge is the isoelectric point of that protein. (d) Proteins 

in a mixture can be focused at their respective pIs to be separated. In this case, pI values 

decrease from pI1 to pI6. 

pI1  pI2      pI3    pI4      pI5           pI6

  

pI

  

Cathode Anode 
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molecules have zero net charge and stay stationary is the isoelectric point (pI) of that 

protein. Since various proteins have different numbers of amino groups and carboxyl 

groups, they exhibit different pI values. Thus a mixture of proteins with various pIs can 

be separated in a pH gradient under electric field as indicated by Figure 1.1(d). Most of 

proteins have their pIs in the range of 4-7.  

Note that focused proteins do not stop moving at their pIs on the molecular scale. 

They move away from their pIs through diffusion. However, they will gain charges again 

once they diffuse away from pIs and will be pushed back to the pIs under electric field. 

Therefore, focused proteins are actually in a dynamic equilibrium of diffusion/re-

focusing. Narrow focused zones can be obtained by applying high electric fields because 

proteins will be more quickly pushed back to their pIs as they diffuse away. 

 

1.2.2 Gels with immobilized pH gradient 

A stable and reproducible pH gradient is critical to IEF. Ideally it should be linear 

and with high buffer capacity. Currently there are two common methods to establish pH 

gradients: 1) gels with immobilized pH gradient (IPG) and 2) mobile carrier ampholytes 

as used in capillary isoelectric focusing (cIEF). 

IPG gels are the most commonly used to perform IEF, especially by biochemists. 

The principle and the preparation of IPG gels have been described in detail by Righetti.
13

 

The chemicals that form IPG in gels are called Immobilines, which are acrylamide 

derivatives having a common structure as follows. 
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Here, R group contains either a tertiary amine or a carboxyl group. These 

derivatives have pKa values ranging from 1.0 to >12.
14

 Acidic or basic solutions with 

desired pH can be made separately by mixing different Immobilines into a dense (usually 

acidic) solution and a light (usually basic) solution. Thus IPG is formed by properly 

mixing acidic and basic solutions together and generating a density gradient when casting 

the gels vertically, as illustrated in Figure 1.2.
15

 The pH at any point along the pH 

gradient is determined by the ratio of carboxyl and amino groups that are bound on the 

skeleton of the crosslinked polyacrylamide gel at that site. Therefore, the pH gradient is 

established without an electric field and it is a permanent pH gradient.  

 

1.2.3 Capillary isoelectric focusing 

IEF can also be done in open capillaries. In this case, mobile carrier ampholytes, 

which are synthetic compounds with multiple amine and carboxyl groups, are used to 

establish a pH gradient. Commercial carrier ampholytes are usually a mixture of several 

hundred compounds with distinct pKa values. At the presence of an electric field, the 

ampholytes start to migrate and eventually focus at their own pIs, and buffer their 

environment into different pH values. By mixing carrier ampholytes with continuous pKa  
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Figure 1.2. Casting gels with an immobilized pH gradient.
15

 (a) – (c) Prepare two 

separate solutions with Immobilines, one is acidic and the other is basic. They have 

different densities. These two solutions are mixed gradually and flowed into a vertical 

cassette. A pH gradient is formed by generating a density gradient. (d) As the 

Immobilines copolymerize with acrylamide and bisacrylamide to form a gel, the 

Immobolines are bound to the polymer skeleton. The unreacted Immobilines and 

monomers need to be removed by washing. (e) A pH gradient is immobilized on the gel. 

(f) The gel is cut into strips along the direction of the pH gradient. (g) The pH at any 

point in a gel strip is determined by which Immobilines are bound on the skeleton of 

crosslinked polyacrylamide gel. 
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values, a pH gradient can be established from anode to cathode with increasing pH in the 

capillary. The difference in pKa between adjacent components along the pH gradient 

affects the resolution of IEF. The smaller the pKa difference is, the better the resolution in 

cIEF. The pH gradient in cIEF is established after electric field is applied, and the pH 

gradient will gradually degrade due to diffusion of carrier ampholytes after electric field 

is removed. cIEF can be performed using regular capillary electrophoresis instruments. 

For detection, in the case of gels, once the proteins are focused, the field is turned 

off and the gels are stained with dyes. For capillaries, the detection of focused proteins 

can be accomplished by labeling the proteins and imaging the entire capillary.  Otherwise, 

detection requires remobilization of focused bands to the detection window. 

Remobilization can be done either by replacing catholyte or anolyte with salt solution or 

by applying a small pressure.   

 

1.2.4 The advantages and drawbacks of current methodologies 

As mentioned before, the pH gradient in an IPG gel strip is bound to the skeleton 

of the polymer gel. It is stable and reproducible. The focused proteins are remained at 

their pIs without drifting toward either cathode or anode.
15

 The resolution of IEF in IPG 

gel strips can reach 0.001 pH units, which means two proteins with pI difference of 0.001 

pH units can be separated. High resolution is extremely important for the separation of 

protein glycoforms. Glycosylation with different number of charged sugar groups will 
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slightly alter the net charge of proteins and shift their pIs. Various glycoforms may be 

separated based on their pI difference.  

However, IEF in IPG gel strips is a time-consuming process. Usually a gel strip 

will be loaded with 200 µL protein solution, and the slow diffusion of the proteins into 

the gel requires that the process is allowed to occur overnight. The large ionic strength of 

sample solution will produce high current once electric field is applied, which will 

destabilize the gel structure. A small electric field is used on the IPG gel strip initially. 

When the proteins gradually migrate toward their pIs, they get more and more charge-

neutral, and the current through the gel strip drops. Then the electric field can then be 

slowly ramped up to speed up focusing. Typically 5 – 15 hrs are required to finish 

focusing, depending on the complexity of the samples. 

As mentioned earlier, the detection of separated proteins in gels usually requires 

staining with a dye to make the proteins visible. Proteins with extremely low 

concentration in the sample may not be visible after staining. As mass spectrometry (MS) 

becomes an important tool for proteomics and biomarker discovery, detection with MS is 

desired. Coupling IEF in IPG gel strips with MS requires time and labor: the visualized 

protein bands need to be cut from the strip followed by digestion, and the resulting 

peptides will be subject to mass spectrometric (MS) analysis.
5
 IEF in IPG gels thus has 

cumbersome compatibility with MS analysis. 

cIEF is performed in fused silica capillaries with inner diameters smaller than 100 

µm. Due to the efficient heat dissipation, cIEF can be performed by applying high 
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electric fields (typically 300–800 V/cm
16-19

 for capillaries long than 24 cm). This greatly 

speeds up the focusing process and makes cIEF finish in 10 – 30 min.
16, 17, 19

 By 

miniaturizing the cIEF in short capillaries or microfluidic channels, the focusing time can 

be further shortened to less than 1 min.
16, 20

 The resolution of cIEF is comparable to IEF 

in IPG gel strips. A resolution of 0.005 pH units for cIEF has been reported.
21

 

Unlike the stable pH gradient in IPG gel strips, the pH gradients established in the 

capillaries typically suffer from gradient drift and/or compression.
16, 22-24

  These 

behaviors decrease the reliability of the pH gradient and reproducibility of cIEF. 

Remobilization of focused bands by chemicals often changes the relative positions 

between separated zones.
25

 Pressure remobilization in open capillaries causes severe zone 

broadening due to the parabolic flow profile. Thus the electric field has to be maintained 

to hold the shape of sample zones during pressure remobilization. cIEF provides 

relatively easy coupling with mass spectrometry to perform on-line MS analysis 

compared to IPG gels. However, ion suppression due to the presence of carrier 

ampholytes is a problem when cIEF is coupled with electrospray ionization (ESI) – MS.
26, 

27
 Although ion suppression can be improved by reducing the concentration of carrier 

ampholytes,
26, 28

 it runs the risk of poor resolution due to insufficient buffer capacity.
26

  

 

1.3 Purpose and significance of this research 
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1.3.1 Proposed solution to isoelectric focusing for improved compatibility with mass 

spectrometry 

Currently no one has reported a satisfactory combination of the best of IPG gel 

strips and cIEF, which would be an immobilized pH gradient in a capillary. Fast IEF with 

a reproducible pH gradient and easily compatible with MS would be beneficial for 

proteomics and biomarker discovery. Research has been focused on development of cIEF 

– MS interface to improve the problem of ion suppressions for on-line IEF – MS.
29-31

 

However, this will not eliminate the problem of the unreliable pH gradient in cIEF. 

An immobilized pH gradient in a capillary or a channel should then be coupled 

with ESI – MS. Ideally, only the focused proteins would be remobilized and 

electrosprayed into a mass spectrometer, thus the interference by carrier ampholytes 

would be eliminated. Chemical remobilization, which requires electric field, is not 

applicable for an immobilized pH gradient because focused proteins will not move in the 

pH gradient at the presence of an electric field. Therefore, remobilization by pressure is 

required. As described in 1.2.4, zone broadening happens during pressure remobilization 

in an open tubular capillary or channel due to parabolic flow profile. Packing the 

capillary or channel with small particles will eliminate the parabolic flow profile and 

greatly reduce the zone broadening during remobilization. 

Silica particles are good candidates for packing because these are widely used in 

chromatography. The derivatization chemistry of the silica surface allows versatile 
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surface properties for different types of chromatographic separations. Silica packing will 

provide a nearly ideal substrate for the immobilized pH gradient via surface modification. 

Recently, silica colloidal crystals (SCCs) have been explored as a novel 

separation material and plate height below 130 nm and below 50 nm have been achieved 

for the separations of small molecules and proteins with SCCs, respectively.
32, 33

  SCCs 

of 330 nm silica particles in capillaries exhibit face-centered cubic crystal structure.
32

 The 

eddy diffusion is negligible when the sample zones are moving in the SCCs. In addition, 

SCCs significantly reduce the longitudinal diffusion of the sample zones, further 

improving the resolution.
32, 33

  These findings imply that by using packings of sub-micron 

silicon particles, the focused proteins after IEF can be remobilized by pressure with 

minimal zone broadening, thus maintaining the high resolution that is obtained by IEF.  

 

1.3.2 Purpose and overview of this research  

As to the author’s knowledge, IEF performed in a silica packing bed has not 

previously been reported in the literature. The packings of sub-micron particles may 

cause the problem of protein adsorption, which will potentially make IEF in packed 

capillaries and channels unsuccessful. The small pore size in sub-micron silica packings 

may introduce large flow resistance and make it difficult to remobilize the focused bands. 

The small pore size may also introduce sieving effect which may slow down the 

movement of big proteins through the pores. All these problems need to be studied and 

solved before immobilizing pH gradient on silica packings. 
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This research will focus on the feasibility of using capillaries and channels packed 

with sub-micron silica particles to perform IEF. The surface modification for minimal 

protein adsorption, the resolution of IEF and the pressure remobilization of focused 

proteins in silica packed capillaries and channels will be studied. IEF in capillaries and 

channels packed with silica particles will be studied, since they provide potential 

compatibility with ESI – MS and MALDI – MS, respectively. Initial study on 

immobilized pH gradient on silica packing in the capillaries will be discussed. For this 

research silica particles of 900 nm and 680 nm will be used to pack capillaries and 

channels in order to avoid sieving effect, which would prolong the focusing time, impart 

a secondary separation mechanism and introduce high flow resistance during 

remobilization.  

Capillaries and channels packed with sub-micron silica particles could provide 

multiple advantages for IEF. Compact silica packing provide efficient heat dissipation 

due to their higher thermal conductivity than liquid, which will allow direct application of 

high electric field for fast IEF and high resolution. The zone broadening and the 

resolution of remobilization could also be improved by silica packing compared to open 

tubular cIEF due to reduction of parabolic flow and longitudinal diffusion. The smallest 

size of non-porous particles in commercially available chromatographic columns is 1.7 

µm. The sub-micron silica particles could significantly reduce the band broadening due to 

eddy diffusion to maintain the resolution during pressure remobilization. Typically, 

remobilization of focused proteins after open tubular cIEF takes up to 50 min for 

complex mixtures.
21

 By applying high pressure to remobilize the focused zone, fast 
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remobilization could be obtained in silica packed capillaries to increase throughput. All 

these benefits that silica packings might provide motivates us to further explore the 

immobilized pH gradient in packed capillaries and channels to allow direct coupling with 

commercial ESI – MS instruments and be part of the routine proteomic tools in 

biomarker discovery. 
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CHAPTER 2 SURFACE-INITIATED ATOM TRANSFER RADICAL 

POLYMERIZATION OF ACRYLAMIDE ON SILICA FOR ULTRA-

LOW PROTEIN ADSORPTION 

2.1 Introduction 

Capillary electrophoresis and capillary isoelectric focusing of proteins and 

peptides have been extensively studied for about 30 years.
34

 The surface of an 

unmodified fused silica capillary carries negative charge when using a buffer solution 

with pH higher than 2 due to the deprotonated surface silanol groups. This causes 

adsorption of positively charged proteins because of the electrostatic attraction, which 

leads to zone broadening, tailing, and sample loss. The deprotonated surface silanols also 

introduce electroosmotic flow and make the separations poorly reproducible. Therefore, 

the surface of the fused silica capillaries is usually required to be modified before being 

used in protein separations. A variety of physically adsorbed and covalently bound 

coatings on the silica surface including poly(vinyl alcohol), poly(ethylene glycol), 

polyacrylamide and its derivatives, polysaccharides, cellulose derivatives and their 

advantages have been reviewed.
35-37

 Among those coatings, polyacrylamide is one of the 

most popular and widely used. The neutral and inert polyacrylamide coating is non-sticky 

to the proteins and is able to prevent protein adsorption to the silica surface. In addition, 

the covalently bonded polyacrylamide film can suppress the electroosmotic flow to 

improve the reproducibility of the capillary electrophoresis and isoelectric focusing. 

Hjertén first reported the preparation of a covalently bound polyacrylamide on the 
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capillary surface by free radical polymerization.
38

 In his method, radicals were formed 

both in the bulk solution and on the surface which initiated radical formation on surface-

bound methacrylate groups, giving propagation of polymer chains from the surface.  The 

high polydispersity of the polymer chain, which is a character of free radical 

polymerization, makes the polymer thickness non-uniform. A secondary chromatographic 

effect could happen during the electrophoresis due to the uneven chain length.
39

 Atom 

transfer radical polymerization (ATRP) for formation of polymers in solution was first 

reported in 1995 and proved to be a method to prepare polymer with low polydispersity.
40, 

41
 Our group first incorporated ATRP with surface chemistry and invented surface-

initiated ATRP.
42

 In this method, the radical is confined on the surface, and the 

propagation of the polymer chains only happens on the surface, maintaining high 

monomer concentration in the bulk solution during the whole polymerization. The 

polyacrylamide film made by surface-initiated ATRP has a high surface coverage with 

low polydispersity. Furthermore, the film thickness can be simply controlled by adjusting 

the monomer concentration and/or polymerization time. The polyacrylamide film 

prepared exhibits much lower protein adsorption compared to surfaces coated by 

conventional radical polymerization, and surface-confined ATRP suppresses 

electroosmotic flow.
43, 44

  

In the past, for surface-confined ATRP, a monolayer of initiator was prepared on 

the silica surface before initiation, where various initiators bearing a chlorine or a 

bromine have been used.
45-49

 The work in the following chapters involves using a mixture 

of methyltrichlorosilane and other alkyltrichlorosilanes to form a horizontal siloxane 
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polymer network on the silica surface. A mixture of alkyltrichlorosilanes is known to 

give better performance in chromatography for hydrocarbon stationary phases,
50

 and it 

has recently been shown to stabilize the packing of sub-micron particles in capillaries, as 

illustrated in Figure 2.1.
32

  This illustrates that the siloxane network extends across 

particles to bind them together.  Capillaries packed with sub-micron particles and 

crosslinked this way were shown to be stable up to pressures of at least 12,000 psi.
32

 

An innovation in this work is to use mixed alkyltrichlorosilanes for surface-

confined polymerization with ATRP.  An initiator bearing both a benzyl chloride group 

and a trichlorosilane group will be mixed with methyltrichlorosilane in different ratios, 

and then covalently bound to the silica surfaces.  This concept is illustrated in Scheme 

2.1.  In contrast to previous work, where only the initiator was used, the small 

methyltrichlorosilane is intended to give better surface coverage of silanes. An optimized 

ratio will be determined and used for stabilizing silica packing and initiation of the 

polymerization. Shorter polymerization times will be investigated, and the resistance to 

the protein adsorption will be studied.  

 

2.2 Experimental Section 

2.2.1 Chemicals and materials 

Surface initiators including (chloromethyl)phenylethyl-trichlorosilane (Gelest, 

Inc., Morrisville, PA) and (chloromethyl)phenylethyl-dimethylchlorosilane (Gelest, Inc., 

Morrisville, PA), methyltrichlorosilane, 99% (Gelest, Inc., Morrisville, PA), 

trimethylchlorosilane, 99% (Gelest, Inc., Morrisville, PA), acrylamide, 99% (Sigma- 
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Figure 2.1. Silica packing is chemically stabilized by crosslinked siloxane bonds.
32
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Scheme 2.1. Surface-initiated atom transfer radical polymerization of acrylamide. The 

scheme shows an ideal crosslinked siloxane network formed by alkyltrichlorosilanes. 
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Aldrich, St. Louis, MO), CuCl, 99.999% (Alfa Aesar, Ward Hill, MA), CuCl2, 99% 

(Acros Organics, Morris Plains, NJ) were used as received without further purification. 

Tris (2-dimethylaminoethyl) amine was synthesized according to a procedure published 

before.
51

 Silica particles of 330 nm were purchased from Fiber Optic Center, Inc. (New 

Bedford, MA). Double-side polished silicon wafers, P(100), 350-400 µm thick, were 

purchased from Wafer World Inc. (West Palm Beach, FL). Borosilicate microscope slides 

were from SPI Supplies Inc. (West Chester, PA). For fluorescence imaging, tetramethyl 

rhodamine isothiocyanate (TRITC)-labeled bovine serum albumin (Invitrogen Co., 

Carlsbad, CA) was used without further purification. Lysozyme from chicken egg white 

(Sigma-Aldrich, St. Louis, MO) was labeled with NHS-rhodamine (Pierce Protein 

Research Products, Rockford, IL) and then purified with Sephadex gel to remove 

unreacted fluorescent dye. 

 

2.2.2 Preparation of benzyl chloride monolayer on borosilicate slides and silicon 

wafers 

Borosilicate slides and silicon wafers were cut into 1 inch × 1 inch squares and 

then cleaned in HNO3:H2O (50:50, v/v) at boiling temperature for 1 hr. A sufficient 

amount of water was used to thoroughly rinse the slides after acid treatment. The cleaned 

slides were dried in a vacuum oven at 80 °C for 30 min. A mixture of the initiator, 

(chloromethyl)phenylethyl-trichlorosilane (BC-triCl), and methyltrichlorosilane (C1) in 

volume ratios of 100: 0, 20:1, 10:1 and 5:1 was dissolved in dried toluene. The 

concentration of (chloromethyl)phenylethyl-trichlorosilane was always kept at 2% in the 
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solutions. Vacuum dried slides were immediately immersed in the silane solutions. The 

reaction was performed at room temperature and protected by nitrogen atmosphere.  

After 3 hr of reaction, the slides were rinsed with dried toluene and then heated in an 

oven at 120 °C to facilitate the formation of siloxane bonds among trichlorosilanes. 

To form the monolayer of (chloromethyl)phenylethyl-dimethylchlorosilane (BC-

monoCl) on the surface, cleaned and dried borosilicate glass slides and silicon wafers 

were immersed in 2% BC-monoCl solution in dried toluene. The reaction was heated to 

reflux temperature for 4 hr under nitrogen. After the reaction, the slides were rinsed with 

toluene and dried under vacuum. The slides were then endcapped in 4% 

trimethylchlorosilane solution in dried toluene at reflux temperature for 3 hr to cover 

unreacted surface silanol groups. Finally the slides were rinsed thoroughly with toluene 

and then dried under vacuum at room temperature. 

 

2.2.3 Preparation of benzyl chloride monolayer on silicon nanoparticles 

Silica nanoparticles were washed in ethanol and calcined at 600 °C for 3 cycles to 

remove residual water inside the particles. The calcined particles were rehydroxylated in 

HNO3:H2O (50:50, v/v) at boiling temperature for 4 hr to re-generate surface silanol 

groups. The rehydroxylated silica particles were thoroughly washed with Milli-Q water 

and then ethanol. Then the particles were dried in a vacuum desiccator overnight to 

remove any residual water. 

The modification of the surface of the silica particles with BC-triCl and BC-

monoCl was similar to the procedures described in section 2.2.2. Briefly, the silica 
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particles were suspended in a mixture of BC-triCl and C1 (20:1, v/v) and reacted at room 

temperature for 3 hr with stirring. The coated silica particles were washed in toluene and 

then dried in the oven at 120 °C. To coat the silica particles with BC-monoCl, particles 

were refluxed in 2% BC-monoCl solution for 4 hr. Then the particles were washed with 

toluene and dried in a vacuum desiccator. Endcapping in 4% trimethylchlorosilane 

solution was performed on particles modified with BC-monoCl at reflux temperature for 

3 hr. Finally the particles were washed with toluene again and then dried under vacuum. 

 

2.2.4 Surface-initiated atom transfer radical polymerization of acrylamide on slides 

or silica nanoparticles 

A published procedure for surface-initiated ATRP at room temperature was 

followed to coat the slides or silica nanoparticles with polyacrylamide.
51

 In brief, 99 mg 

(1000 µmol) CuCl, 13.4 mg (100 µmol) CuCl2 and 340 µL (1200 µmol) tris (2-

dimethylaminoethyl) amine (Me6TREN) were dissolved in 40 mL of 3 M acrylamide in 

dimethyl formamide under argon environment. Then the mixture was transferred to a de-

oxygened Schlenk flask containing borosilicate slides or silicon wafers coated with 

initiators to initiate the polymerization. The polymerization underwent from 15 min to 10 

hr. After reaction the Schlenk flask was opened and the polymerization was quenched 

once CuCl was oxidized. The slides coated with polyacrylamide were rinsed with 

dimethyl formamide and water to remove unreacted monomer and catalyst.  

The same concentrations of the monomer, CuCl, CuCl2 and Me6TREN were used 

in the polymerization of acrylamide on silica nanoparticles. Particles coated with 
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initiators were dispersed in 60 mL of solution containing monomer and catalyst under 

argon protection. For kinetic study, 10 mL of silica particle suspension was drawn out 

after certain amount of reaction time using a nitrogen-purged syringe. The polymerization 

was quenched by exposing the aliquots to the air. The silica particles were then washed 

with dimethyl formamide, water and then dried under vacuum.  

 

2.2.5 Characterizations of polyacrylamide films 

2.2.5.1 Infrared spectroscopy 

Infrared (IR) spectra of silicon slides coated with polyacrylamide were collected 

in transmission mode using a Bruker Tensor 37 infrared spectrometer (Billerica, MA), 

while IR spectra of polyacrylamide coated silica nanoparticles were collected using a 

Nicolet 4700 FTIR (Thermo Fisher Scientific, Waltham, MA) in transmission mode, as 

well. The procedure to make samples of silica particles for IR is described as follows: 2 

mg of modified particles were suspended in 50 µL of water. The slurry was placed on a 

bare silicon slide which had previously rinsed with methanol followed by cleaning in 

UV-ozone cleaner for 30 min to remove any absorbed organics. Then the slide coated 

with slurry was placed in an oven and dried at 60 °C followed by cooling down the 

sample under vacuum for 30 min. 

For both modified silicon slides and silica particles, a bare silicon slide rinsed 

with methanol and cleaned in UV-ozone cleaner for 30 min was used as blank. The 

incident laser beam was polarized by a polarized set at 90° . The incident angle was set at 

50°, which is Brewster’s angle, to minimize interference fringes. The sample 
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compartments of the IR spectrometers were constantly purged with nitrogen to reduce the 

interference of CO2 and moisture. A Total of 512 scans with a resolution of 4 cm
-1

 were 

performed on each sample.  

 

2.2.5.2 Ellipsometery 

The thickness of the polyacrylamide prepared with surface-initiated ATRP was 

measured by a Sentech SE400 ellipsometer (Sentech Instruments GmbH, Berlin, 

Germany) or a Gaertner stokes ellipsometer (Gaertner Scientific Corporation, Skokie, 

Illinois). Typically, 5-10 random sites on each silicon slide coated with polyacrylamide 

were interrogated by the 632.8nm line of a He:Ne laser at 70° incident angle from the 

surface normal. A refractive index of 1.46 was assumed for determining the thickness of 

the polyacrylamide layer. The refractive index of 1.46 was used to calculate the thickness 

of organic thin films on silicon wafer in the literature.
52

 

 

2.2.5.3 Contact angle measurement 

The static contact angle of water on bare borosilicate slides and borosilicate slides 

modified with initiators and polyacrylamide was measured using a DSA 10 MK2 

Dropshape Analysis system (Krüss, Hamburg, Germany).  Drop shape image was 

recorded right after dropping 1 µL of water onto the surface in order to avoid the change 

in drop shape due to the water evaporation. Totally 4-6 drops of water were deposited at 
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dispersed positions on the 1 inch × 1 inch slides. An average of the measured contact 

angles is reported for each sample. 

 

2.2.6 Protein adsorption on polyacrylamide coated surfaces 

TRITC-labeled bovine serum albumin (BSA) and rhodamine-labeled lysozyme 

were diluted individually in phosphate buffered saline pH 7.4 to make 1 µmol/L solutions. 

Polyacrylamide coated borosilicate slides were cleaned in boiling methanol to remove 

any absorbed organic contaminants. Then the cleaned slides were immersed in the protein 

solutions and gently shaken for 30 s. The excess protein solution on the surfaces was 

washed away by gently shaking the slides in ELISA wash buffer (10 mM phosphate 

buffer pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 30 s followed by 8 s of water rinsing 

to remove salts coming from the wash buffer. Finally, the slides were dried with an argon 

stream. The adsorbed protein on the slides was detected and imaged using a Nikon 

Eclipse TE2000-U microscope equipped with a mercury lamp (Nikon Instruments Inc., 

Melville, NY) and a Cascade 512B camera (Photometrics, Tucson, AZ). Fluorescence of 

labeled proteins was excited and then filtered using a G-2E/C filter cube (Nikon 

Instruments Inc., Melville, NY). The images were collected through a 2× objective (CFI 

Plan Apo 2X, Nikon Instruments Inc., Melville, NY), and Winview software (Princeton 

Instruments, Trenton, NJ) was used for data acquisition. 
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2.3 Results and Discussion 

2.3.1 The influence of initiator surface coverage on the polymerization of acrylamide 

Varying the BC-triCl amount in the silane mixture will change the surface 

coverage of the BC-triCl, potentially affecting the grafting density of the polymer chains 

on the surface and the length of the polymer chains. A combinatorial study showed that 

dense polyacrylamide chains on the surface tend to form a brush layer while 

polyacrylamide chains with low grafting density tend to form a mushroom layer.
53

 A 

recent study showed that a lower surface density of initiator helps prepare the polymer 

film with more uniform chain lengths.
54

 Overall, a thick brush layer of polyacrylamide is 

desired for the purpose of minimizing protein adsorption. 

To optimize coverage, BC-triCl and C1 were mixed in volume ratios of 100: 0, 

20:1, 10:1 and 5:1. Silicon wafers were modified with those mixtures, respectively, 

followed by surface-initiated polymerization of acrylamide with reaction times varying 

between 15 min to 10 hr. The actual molar ratios of BC-triCl and C1 mixtures were 

calculated to be 46 mM:0 mM, 46 mM: 8.5 mM, 46 mM: 17 mM and 46 mM:34 mM. 

The growth of the polyacrylamide on the silicon wafer was monitored by FTIR 

spectroscopy. Figure 2.2 shows the FT-IR spectra of polyacrylamide grown on silicon 

slides for the different coverage of initiator. All of the surfaces are shown to efficiently 

initiate surface-confined polymerization of acrylamide in 15 min, as evidenced by the 

peak for the hydrogen-bonded N-H stretch at 3346 cm
-1

, the peak for the non-hydrogen-

bonded N-H stretch at 3200 cm
-1  55

 and the peak for the carbonyl stretch in the amide at 

about 1664 cm
-1

.
56

 In all of the samples, the intensity of N-H stretching peaks and the  



55 

 

 

 

4000 3500 3000 2500 2000 1500

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0.0050

A
b
s
o

rb
a

n
c
e

Wavenumber (cm
-1
)

a) BC-triCl:C1 = 100:0 (v/v)

      0min

      15min

      30min

      45min

      10hr

4000 3500 3000 2500 2000 1500

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0.0050

A
b

s
o

rb
a

n
c
e

Wavenumber (cm
-1
)

b) BC-triCl:C1 = 20:1(v/v)

      0min

      15min

      30min

      45min

      10hr

 

4000 3500 3000 2500 2000 1500

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0.0050

A
b

s
o

rb
a

n
c
e

Wavenumber (cm
-1
)

c) BC-triCl:C1 = 10:1 (v/v)

      0min

      15min

      30min

      45min

      10hr

4000 3500 3000 2500 2000 1500

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

0.0050
A

b
s
o

rb
a

n
c
e

Wavenumber (cm
-1
)

d) BC-triCl = 5:1 (v/v)

      0min

      15min

      30min

      45min

      10hr

 

Figure 2.2. FT-IR spectra of polyacrylamide grafted from silicon wafers as a function of 

polymerization time. (a) silicon wafers pre-modified with 100% BC-triCl; (b) silicon 

wafers pre-modified with a mixture of BC-triCl and C1 at a ratio of 20:1(v/v); (c) silicon 

wafers pre-modified with a mixture of BC-triCl and C1 at a ratio of 10:1(v/v) and (d) 

silicon wafers pre-modified with a mixture of BC-triCl and C1 at a ratio of 5:1(v/v). 
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carbonyl peaks increase progressively with polymerization time from 0 to 45 min, 

indicating living polymerization of acrylamide. The surfaces that reacted with acrylamide 

by ATRP for 10 hr do not show highly intense N-H peaks and carbonyl peaks compared 

to those peaks for polymerizations of 45 min, indicating the growth of polyacrylamide 

slows down with time due to the radical termination by the coupling of close radicals.
51

 

Intensities of carbonyl peaks for all of the ratios of initiator and C1 are almost the same 

after 45 min and 10 hr of polymerization, indicating similar total surface coverage of 

polyacrylamide. Polyacrylamide coated surfaces prepared from silicon wafers pre-

modified with mixtures of initiator and C1 exhibit both elevated hydrogen-bonded and 

non-hydrogen-bonded N-H peaks, as shown in Figure 2.2(b), 2(c) and 2(d), compared to 

surfaces prepared from silicon wafers pre-modified with initiator only, Figure 2.2(a). The 

elevated N-H peaks may be attributed to the overlapping of broad O-H stretching 

vibration from the surface absorbed water, which typically ranges between 3200 — 3600 

cm
-1

. Polyacrylamide is a hydrophilic polymer and absorbs water in the air. Surface 

tethered polyacrylamide with a coverage of 0.003mmol/cm
2
 acrylamide units can absorb 

0.02mmol/m
2
 water.

57
 Therefore, more elevated N-H peaks may suggest more absorbed 

water, indicating denser polyacrylamide chains prepared by surface-initiated ATRP. 

Comparing surfaces pre-coated with different ratios of BC-triCl and C1, the surface 

coated with BC-triCl and C1 at 20:1(v/v) showed the highest signal intensity for the N-H 

peaks in 15 min of polymerization. After 10 hr of ATRP, the 20:1(v/v) ratio still gave the 

highest intensity of N-H peaks. Therefore, 20:1(v/v) ratio of initiator and C1 is 
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determined to be the ratio that is able to generate the densest polyacrylamide brush, 

which may successfully prevent protein adsorption. 

 

2.3.2 Stability of silica packing modified by initiators 

To study whether the BC-triCl/C1 mixture is able to chemically stabilize the silica 

packing, silica colloidal crystals were deposited on borosilicate slides by spin coating. 

The 330 nm silica particles were modified by BC-triCl/C1 (20:1, v/v) for 3 hr. The 

stability of the silica colloidal crystals was studied by sonicating the modified silica 

coating for 1 min. The stabilities of the silica colloidal crystals modified by 

alkyltrimethoxysilane and unmodified silica colloidal crystals were also studied for 

comparison. The images of modified and unmodified silica coatings before and after 1 

min sonication are displayed in Figure 2.3. Silica colloidal crystals modified with BC-

triCl/C1 mixture retained approximately 80% of silica packing on the slide after 

sonication, while the slide modified with trimethoxysilane lost more than 70% of silica 

packing. Unmodified silica colloidal crystal was not resistant to sonication, and the silica 

coating was almost removed after sonication. The result clearly showed that 

trichlorosilanes help to chemically stabilize the silica packing. It is expected that the 

vibration during the application of the silica packing in the separations will be much 

gentler than the sonication. Thus the chemical stabilization provided by trichlorosilanes is 

sufficient for the silica packing. 
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Figure 2.3. The stabilities of silica colloidal crystals deposit on borosilicate slides by spin 

coating of 330nm silica particles. (a) silica coating modified by BC-triCl and C1 (20:1, 

v/v) for 3 hr; (b) silica coating modified by alkyltrimethoxysilane for overnight; (c) 

unmodified silica coating; (d) BC-triCl/C1(20:1, v/v) modified silica coating after 1min 

sonication; (e) alkyltrimethoxysilane modified silica coating after 1min sonication and (f) 

unmodified silica coating after 1 min sonication. (Courtesy of Douglas Malkin) 
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2.3.3 The influence of polymerization time on the surface coverage of 

polyacrylamide 

To study the change of total surface coverage of polyacrylamide with 

polymerization time, surface-initiated ATRP of acrylamide was performed on 330 nm 

silica particles for 1 to 10 hr. BC-triCl and C1 (20:1, v/v) mixture were used to modify 

free silica particles. If BC-triCl/C1 mixture polymerizes and forms multilayers on the 

surface, the surface coverage of polyacrylamide and the thickness of polymer film should 

be dramatically different from the polyacrylamide grafted from a monolayer of surface 

initiators. Therefore, (chloromethyl)phenylethyl-dimethylchlorosilane (BC-monoCl) was 

also used to pre-coat the silica particles as a comparison, since the monochlorosilane will 

ensure a monolayer of initiator. FTIR spectra of polyacrylamide grafted from 330 nm 

silica particles by ATRP for different polymerization time are displayed in Figure 2.4. 

Both BC-triCl/C1 coated and BC-monoCl coated particles efficiently initiate ATRP of 

acrylamide, as indicated by the appearance of the hydrogen-bonded and non-hydrogen-

bonded N-H stretching peaks at 3338 cm
-1

 and 3197 cm
-1

 compared to the IR spectra of 

silica particles coated with initiators only. The strong peaks of carbonyl stretching at 

1662 cm
-1

 also suggest the formation of polyacrylamide on the silica particles. The 

intensities of N-H peaks and carbonyl peaks increase slightly with polymerization time 

from 1 to 10 hr for particles coated with either BC-triCl/C1 or BC-monoCl, indicating the 

growth of polyacrylamide was slow from 1 hr to 10 hr. BC-triCl/C1 coated particles 

exhibited higher intensities of N-H peaks and carbonyl peak than BC-monoCl coated  
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Figure 2.4. FT-IR spectra of polyacrylamide grafted from 330nm silica nanoparticles as a 

function of polymerization time. (a) Particles pre-modified with a mixture of BC-triCl 

and C1 at a ratio of 20:1(v/v); (b) Particles pre-modified with BC-monoCl. 

a) 

b) 
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particles after 1, 5 and 10 hr of polymerization of acrylamide, indicating a higher surface 

coverage of polyacrylamide using BC-triCl/C1 as the surface initiator. 

The carbon content in the polyacrylamide-coated silica particles were determined 

by microanalysis. The surface coverage of the two initiators and the resulting 

polyacrylamide after ATRP were calculated and listed in Table 2.1. The BC-triCl/C1 

mixture generated 7.46 µmol/m
2
 of initiator on the silica particles. Similar surface 

coverage was reported for using BC-triCl only.
51

 A monolayer of closely-packed C1 was 

reported to have a surface coverage of 11 µmol/m
2
.
58

 Total surface concentration of BC- 

triCl and C1 on the silica particles modified with BC-triCl/C1 mixture was 10.8 µmol/m
2
, 

which indicates a monolayer of mixed BC-triCl and C1 on the surface. BC-monoCl has 

coverage of 1.93 µmol/m
2
, which is close to the literature values reported for initiators 

bearing monochlorosilane.
59, 60

 Note that the actual molar ratio of BC-triCl and C1 on the 

silica surface was 2.25:1, although the feed ratio was 20:1 (v/v), e.g. 5.4: 1 (molar ratio). 

The difference between the actual surface ratio and the feed ratio of BC-triCl and C1 

indicates C1 has a much higher reactivity than BC-triCl. Although the surface coverage 

of BC-triCl is 4-fold higher than the coverage of BC-monoCl, the actual surface molar 

coverage of acrylamide does not vary greatly between the two experiments. BC-triCl 

resulted 13-23 µmol/m
2
 more acrylamide on the silica particles, about 19.7% - 38.0% 

more acrylamide compared to BC-monoCl modified silica particles. 

Figure 2.5 illustrates the molar concentration of acrylamide on the silica particles 

as a function of polymerization time using two different initiators. Both BC-triCl and BC-

monoCl initiated a fast polymerization of acrylamide in 1 hr, and then the growth of  
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Table 2.1. Molar surface coverage of BC-triCl and BC-monoCl iniatiors before 

polymerization and the molar concentration of tethered acrylamide units as a function of 

polymerization time. 

 

Polymerization 

time (hr) 

Silica particles modified with 

BC-triCl/C1 (20:1, v/v) 

Silica particles modified 

with BC-monoCl 

BC-triCl 

(µmol/m
2
) 

C1 

(µmol/m
2
) 

Acrylamide 

(µmol/m
2
) 

BC-monoCl 

(µmol/m
2
) 

Acrylamide 

(µmol/m
2
) 

0 7.46 3.32  1.93  

1   79.0  59.0 

3   82.4  59.7 

5   84.3  65.1 

10   77.1  64.4 
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Figure 2.5. A comparison of the surface coverage of acrylamide units on the silica 

particles modified with BC-triCl/C1 (20:1, v/v) and with BC-monoCl, respectively. 
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polymer leveled off afterwards. The coverage of acrylamide increased slightly from 1 to 

5 hr polymerization for both initiators. The fast growth of polyacrylamide in the early 

stage and slow propagation were reported for the ATRP of acrylamide and acrylamide 

derivatives in the literature.
61, 62

 The stagnant growth of polyacrylamide after 1 hr may be 

due to the decreased accessibility of monomer to the buried growing chain ends.
62

 The 

termination also has a contribution to the leveling off of the growth since the radicals on 

the growing chain ends are confined on the surface and close to each other.
51

 There is a 

high possibility for radical coupling to terminate the polymerization. 

 

2.3.4 Thickness of polyacrylamide film prepared by ATRP 

Beside the surface coverage of polyacrylamide, the thickness of polyacrylamide 

film on the silica surface is also essential to prevent protein adsorption. Figure 2.6 

illustrates the thickness of polyacrylamide on the silica wafers determined by 

ellipsometry as a function of ATRP time. The thickness of native silicon dioxide on the 

silicon wafer was measured to be 2.00±0.15 nm. The polyacrylamide thickness shown in 

Figure 2.6 was determined by subtracting the contribution of the native oxide. On the 

silicon wafers pre-modified with BC-triCl/C1 (20:1, v/v) mixture, the polyacrylamide 

film showed a steady but slow increase in thickness with polymerization time. The 

average thickness increased from 3.77 to 4.13 nm. 

The thickness of polyacrylamide prepared from BC-monoCl was similar to the 

polymer thickness on BC-triCl/C1 coated silicon wafers, but fluctuated with 

polymerization time. The variation of polymer thickness on BC-monoCl surfaces may be 
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Figure 2.6. Dependence of polyacrylamide film thickness on the polymerization time.  
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due to insufficient surface coverage of BC-monoCl. Generally, the monochlorosilane is 

not so reactive to the surface silanol groups. Pinholes and defects can happen in a 

monolayer of monochlorosilane. Polyacrylamide cannot grow from the defects, leaving 

patches of open sites that don’t have polymer coverage. One can expect that the polymer 

chains which are close to those open sites may not be able to form a polymer brush. The 

chains may lie down or coil up, thus decreasing the thickness of the polymer film around 

the defect. The microanalysis results show that BC-monoCl generated lower total surface 

coverage of acrylamide. That indicates the BC-triCl/C1 coated surface have a denser 

polyacrylamide brush, which should be attributed to the higher surface coverage of the 

initiator. 

 

2.3.5 The hydrophilicity of the surface coated by polyacrylamide film 

The surface of borosilicate slides after being modified with BC-triCl/C1 (20:1, v/v) 

is hydrophobic with a static water contact angle of 78.1±1.9°. After 1 hr of ATRP, the 

surface became hydrophilic and the water contact angle dropped to 16.1±2.1°, as 

illustrated in Figure 2.7. The contact angle on BC-triCl/C1 surfaces dropped to 11.9±1.2° 

with polymerization time indicating the growth of acrylamide. After 3 hr of ATRP, the 

average contact angle leveled off with a slight increase to 13.3±1.8° when 10 hr ATRP 

was performed. The increasing of the contact angle with polymerization time was 

observed in surface grafting polymerization of acrylic acid and acrylamide. Such 

behavior was explained as results of change in grafted polymer structure and the 

increasing surface roughness.
57, 63
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Figure 2.7. Static contact angles of water on borosilicate slides after different time of 

surface-initiated ATRP of acrylamide 
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As a comparison, the contact angles of water on BC-monoCl slides modified with 

the ATRP of acrylamide for different times were measured as well. BC-monoCl modified 

slides were hydrophobic before polymerization. 1 hr ATRP of acrylamide made the water 

contact angles dropped to approximately 5°. The contact angle slightly decreased with 

polymerization time, indicating the slow growth of polyacrylamide. Water contact angle 

of neat polyacrylamide was reported to be 25°,
63

 significantly higher than the 

polyacrylamide film prepared by surface-initiated ATRP using both initiators. Beside 

surface coverage and film thickness, the molecular weight and the orientation of polymer 

chains affect contact angle as well. The discrepancy of contact angles between 

polyacrylamide films and the neat polyacrylamide may be due to the orientation of 

polymer chains. The surface-initiated ATRP results in a brush layer of polyacrylamide 

chains. The polymer chains may undergo a process of rearrangement to expose the 

hydrophilic groups to be exposed to the water. The difference of contact angles on the 

polyacrylamide films initiated from BC-triCl/C1 and BC-monoCl may be attributed to a 

combination of multiple factors, including surface coverage, polymer chain length, the 

orientation of polymer chains and the surface roughness.   

 

2.3.6 The adsorption of bovine serum albumin on polyacrylamide coated surfaces 

The influence of polymerization time on the adsorption of proteins on 

polyacrylamide modified surfaces was systematically studied. Fluorescently labeled 

bovine serum albumin (BSA) and lysozyme were selected to perform protein adsorption 

experiments. The fluorescence of the irreversibly absorbed proteins on the surfaces was 
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imaged. BSA has molecular weight of 67 kDa and tends to stick on a variety of surfaces. 

If the polyacrylamide brush is not dense enough, BSA molecules can penetrate the film 

and irreversibly adsorb on the unreacted initiators and C1 molecules due to hydrophobic 

interaction. Lysozyme is a small protein (14.7 kDa) which carries positive charge at 

neutral pH, while surface silanol groups are deprotonated at the same pH. Lysozyme can 

stick to the surface if there are any residual surface silanol groups due to electrostatic 

attraction. The adsorption results of both proteins can provide information on the surface 

coverage of the polyacrylamide film and the quality of the polyacrylamide brush. 

The adsorption of BSA on borosilicate slides modified with ATRP of 

polyacrylamide from 15 min to 10 hr was studied. The fluorescence images of the 

surfaces after being immersed in a 1 µM BSA solution followed by rinsing with ELISA 

wash solution are displayed in Figure 2.8. Figure 2.8(a) shows strong irreversible 

adsorption of BSA on bare glass slide. For slides modified with BC-triCl/C1, there was 

irreversible adsorption of BSA on the slides that were modified with 15 min ATRP of 

acrylamide, as shown in Figure 2.8(b). The adsorption was non-uniform on the surface, 

indicating formation of a non-uniform polymer brush at the early stage of ATRP. The 

irreversible adsorption decreased with increasing polymerization time up to 1 hr, 

indicating the growth and increase in uniformity of the polyacrylamide brush layer. After 

1 hr ATRP, the polyacrylamide brush layer was thick and/or dense enough to prevent 

BSA adsorption to unreacted initiators and C1 molecules. Increasing polymerization time 

furthermore did not decrease adsorption too much. Slides modified with BC-monoCl as 

the initiator and endcapped with trimethylchlorosilane exhibited similar behavior. 
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a) Unmodified 

b) BC-triCl/C1 15 min ATRP h) BC-monoCl 15 min ATRP 

c) BC-triCl/C1 30 min ATRP i) BC-monoCl 30 min ATRP 

d) BC-triCl/C1 45 min ATRP j) BC-monoCl 45 min ATRP 
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Figure 2.8. Images of irreversible adsorption of TRITC-labeled bovine serum albumin on 

borosilicate slides modified with ATRP of acrylamide from 15 min to 10 hr. (a) Bare 

slide; (b) – (g) slides pre-modified with BC-triCl/C1 (20:1, v/v); (h) – (m) slides pre-

modified with BC-monoCl and endcapped with trimethylchlorosilane.  Every image 

shows a 2.84mm × 2.84mm region. 

e) BC-triCl 1 hr ATRP k) BC-monoCl 1 hr ATRP 

f) BC-triCl 5 hr ATRP l) BC-monoCl 5 hr ATRP 

g) BC-triCl 10 hr ATRP m) BC-monoCl 10 hr ATRP 
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The average fluorescence intensities of irreversibly absorbed BSA on 

polyacrylamide coated slides as a function of polymerization time are plotted in Figure 

2.9. The plots clearly show that the irreversible adsorption of BSA drops with polymerization 

time, indicating the growth of a polymer brush layer helps to prevent protein adsorption. 5 hr 

of ATRP led to minimal average adsorption of BSA, less than 10 % of the adsorption on 

unmodified silica surfaces. The average adsorption of BSA on the slides which 

underwent 10 hr ATRP of acrylamide increased a little bit, compared to the slides 

modified with 5 hr ATRP. Note that each error bar in Figure 2.9 indicates the uniformity 

of protein adsorption on the same slide. The amount of BSA adsorption on slides which 

had BC-monoCl as the initator was similar to those with BC-triCl within the errors.  

The irreversible adsorption of rhodamine-labeled lysozyme on the surfaces 

modified with ATRP of polyacrylamide from 15 min to 10 hr was studied as well. The 

fluorescence images of surfaces after being immersed in 1 µM lysozyme solution 

followed by rinsing with ELISA wash solution were displayed in Figure 2.10. The bare 

glass slide had a strong adsorption of lysozyme due to electrostatic attraction between the 

deprotonated surface silanol groups and the positively charged lysozyme at pH 7.4, as 

shown in Figure 2.10(a). For slides modified with BC-triCl/C1, there was irreversible 

adsorption of lysozyme on the slides that were modified with ATRP of 1 hr or less, as 

shown in Figure 2.10(b) to 2.10(e). The irreversible adsorption decreased with 

polymerization time from 15 min to 1 hr, suggesting the fast growth of polyacrylamide in 

1 hr and the electrostatic attraction between the surface silanols and lysozyme was 

efficiently prohibited by the polymer film. Lysozyme exhibited non-uniform adsorption 
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Figure 2.9. Average fluorescence intensities of irreversibly absorbed TRITC-labeled 

bovine serum albumin on borosilicate slides modified with ATRP of acrylamide as a 

function of polymerization time. The data points at 0 hr were collected on unmodified 

slides. The fluorescence of a clean unmodified slide which was not exposed to protein 

was subtracted from the fluorescence of slides which had absorbed TRITC-labeled 

bovine serum albumin. 
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a) Unmodified 

b) BC-triCl/C1 15 min ATRP h) BC-monoCl 15 min ATRP 

c) BC-triCl/C1 30 min ATRP i) BC-monoCl 30 min ATRP 

d) BC-triCl/C1 45 min ATRP j) BC-monoCl 45 min ATRP 
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Figure 2.10. Images of irreversible adsorption of rhodamine-labeled lysozyme on 

borosilicate slides modified with ATRP of acrylamide from 15min to 10hr. (a) Bare slide; 

(b) – (g) slides pre-modified with BC-triCl/C1 (20:1, v/v); (h) – (m) slides pre-modified 

with BC-monoCl and endcapped with trimethylchlorosilane.  Every image shows a 

2.84mm × 2.84mm region.  

e) BC-triCl 1 hr ATRP k) BC-monoCl 1 hr ATRP 

f) BC-triCl 5 hr ATRP l) BC-monoCl 5 hr ATRP 

g) BC-triCl 10 hr ATRP m) BC-monoCl 10 hr ATRP 



76 

 

 

on the surfaces, but the adsorption became less patchy as the polymerization time 

increased, indicating the improvement of the uniformity of the polymer film. After 4 hr 

ATRP of acrylamide, the surfaces exhibited a negligible binding of lysozyme. Increasing 

polymerization time further, however, elevated irreversible adsorption of lysozyme again. 

As illustrated in Figure 2.10(g), slides underwent 10 hr ATRP had elevated lysozyme 

adsorption compared to 4 hr ATRP. Slides modified with BC-monoCl as initiator and 

endcapped with trimethylchlorosilane exhibited similar behavior. 

The average fluorescence intensities of irreversibly absorbed lysozyme on 

polyacrylamide coated slides as a function of polymerization time are plotted in Figure 

2.11. The plots show that the irreversible adsorption of lysozyme drops with 

polymerization time, similar to what was observed for adsorption of BSA. 4 hr of ATRP 

led to minimal average adsorption of lysozyme, less than 1 % of the lysozyme adsorption 

on bare silica surfaces. Further increasing the polymerization time somehow increased 

the irreversible adsorption which might be due to the tangling of lysozyme to the 

protruding polyacrylamide chains. Similar behavior was observed for BSA adsorption as 

well, as shown in Figure 2.9. Note that slides modified with BC-triCl/C1 had more 

average lysozyme adsorption with non-uniformity variation at the early stage of ATRP 

compared to slides modified with BC-monoCl, indicating less uniform polyacrylamide 

film at the beginning of the polymerization when the surface coverage of the initiator is 

high. 

Polymer brushes are known to prevent non-specific protein adsorption by steric 

repulsion between the proteins and polymer films. Longer and/or denser polymer brushes  
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Figure 2.11. Average fluorescence intensities of irreversibly absorbed rhodamine-labeled 

lysozyme on borosilicate slides modified with ATRP of acrylamide as a function of 

polymerization time. The data points at 0 hr were collected on unmodified slides. The 

fluorescence of a clean unmodified slide which was not exposed to protein was 

subtracted from the fluorescence of slides which had adsorbed rhodamine-labeled 

lysozyme. 
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favor the steric repulsion.
64, 65

 For both BC-triCl and BC-monoCl initiators, irreversible 

adsorption of BSA and lysozyme decreased with the polymerization time of acrylamide 

which leads to a densely-packed polyacrylamide brush to prevent protein adsorption. 

However, further increasing the polymerization time slightly elevated the protein 

adsorption, which might be attributed to the increase of chain length dispersity due to the 

termination. Proteins may be trapped within the protruded polymer chains above the 

polymer brush, as illustrated in Figure 2.12. Proteins usually have very complex 

structures leading to mixed surface properties. One protein may have patches of various 

hydrophobicities and positively or negatively charged. Although proteins in their non-

denatured forms have the possibility to aggregate in aqueous solution, it requires 

sufficient time for the hydrophobic patches of the proteins to meet and contact with each 

other to form aggregation before the protein molecules diffuse away from each other. 

Once the protein molecules are trapped between the polymer chains, it provides longer 

time for the protein molecules to interact with each other. Therefore, there is higher 

possibility for the trapped proteins to aggregate and deposit on the polymer film.
66

 BSA 

exhibited minimal average adsorption on the slides with 5 hr ATRP of acrylamide, while 

lysozyme had minimal average adsorption when slides were modified with 3 to 4 hr 

ATRP. The deviation of optimal polymerization time for least irreversible protein 

adsorption might be a result of protein size difference. When the polymer film is uniform, 

both small and big proteins can be repelled by the polymer brush, as illustrated in Figure 

2.12(a). As the ATRP proceeds, termination of surface tethered radicals occurs causing 

an increase in chain length dispersity. This polydispersity in chain length can cause  
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  small protein  big protein 

 

 

 

           

 

Figure 2.12. The adsorption of proteins caused by increasing polydispersity of surface-

tethered polymer chains. (a) Both small and big proteins are repelled; (b) small protein is 

trapped but big protein is repelled; (c) both small and big proteins are trapped. 

Increasing ATRP time 

a) b) 
c) 
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small proteins to get tangled between chains, while big proteins are still repelled due to 

the steric hindrance, as shown in Figure 2.12(b).  If the polydispersity of polyacrylamide 

chains keeps increasing, both big and small proteins will be trapped between the chains, 

indicated by Figure 2.12(c). Therefore, long reaction times of the ATRP of acrylamide 

should be avoided to keep the polydispersity low. Optimal ATRP time for keeping both 

adsorption of BSA and lysozyme minimal is determined to be 4 hr. 

 

2.4 Conclusions 

Surface-initiated ATRP of acrylamide was successfully performed with BC-triCl 

mixed with C1. A volume ratio of 20:1 for BC-triCl and C1 is determined to be the 

optimal ratio in terms of the surface coverage of polyacrylamide. The BC-triCl/C1 (20:1, 

v/v) mixture was shown to chemically stabilize silica packing. 5 hr ATRP generated 84 

µmol/m
2
 of acrylamide on the silica surface using BC-triCl as the initiator with a 

polyacrylamide brush of 4 nm thick. Long time ATRP is not necessary for the purpose of 

reducing protein adsorption, since the polymerization of acrylamide by ATRP is fast. 

Irreversible protein adsorption was efficiently prevented after 1 hr of ATRP and 

decreased with polymerization time. The minimum polymerization time for minimal 

adsorption of both big and small proteins was found to be 4 hr.  
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CHAPTER 3 PROTEIN CAPILLARY ELECTROPHORESIS WITH 

ULTRA-LOW ADSORPTION 

3.1 Introduction 

Capillary electrophoresis (CE) has been explored to apply in the areas including 

proteomics,
67, 68

 biomarker discovery,
68, 69

 genomics,
70

 pharmaceutical analysis
71

 and 

food science.
72, 73

 Capillary electrophoresis can be performed either in capillaries or in the 

microchannels on chip-based apparatuses.
70, 74

 In order to have capillary electrophoresis 

applicable to the separations of protein and peptides, the inner walls of the capillaries and 

microchannels must be coated to avoid the interactions between the analyte and surface. 

Current strategies to prevent the adsorption of protein and peptides have been reviewed.
35, 

37, 75-77
 Of all of the strategies, permanent coating by polymer is the most appealing. The 

permanent coatings are covalently bound to the surface, which are stable after multiple 

runs of electrophoresis. In addition, the electroosmotic flow can be suppressed by coating 

the capillaries and channels covalently. As mass spectrometry is becoming a dominant 

detection and analysis technique for protein mixtures, the permanent coatings are 

advantageous when CE is coupled with mass spectrometry. Covalently bound coatings 

completely eliminate the interference of dynamic absorbed coatings and additives in mass 

spectrometry. This reduces the possibility of ionization suppression and simplifies the 

mass spectra of the analytes. Polyacrylamide is a neutral and inert polymer with low 

affinity for proteins and peptides. Traditional gel electrophoresis is mostly performed in 

polyacrylamide gels. To make use of the low affinity of polyacrylamide for proteins and 
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peptides, people coat the capillaries and channels with polyacrylamide to prevent protein 

adsorption before CE and capillary isoelectric focusing. Surface-initiated atom transfer 

radical polymerization (ATRP) can generate a dense polymer brush that is covalently 

bound to the capillary wall. It becomes one of the most popular methods to grow the 

polyacrylamide film from the surface. 
56, 62, 78, 79

 Polyacrylamide films prepared by 

surface-initiated ATRP have been shown to have excellent protein resistance, and have 

been applied to CE
43, 44

 and size exclusion chromatography.
42

 Research has been done to 

study the protein adsorption on hydrophilic polymer brushes. It suggests that a closely 

packed thick polymer brush can prevent protein adsorption by repelling the proteins 

sterically.
64-66

 Studies also have shown that the proteins can have interaction with the 

polymer brushes, and the architecture of the polymer films including the thickness, 

grafting density, and the chain length of the polymer brushes will affect the interaction.
39, 

66
 Such interactions may have influence on the adsorption/desorption of the proteins on 

the surface. If the interactions are too strong, unwanted band broadening and even 

secondary separation could happen during the CE processes. The chromatographic effect 

needs to be avoided especially for the remobilization after capillary isoelectric focusing 

(cIEF), since any secondary separation or increased band broadening will decrease the 

resolution of cIEF. Varying the surface density of the initiators and/or polymerization 

time could allow us to tune the architecture of the resulted polyacrylamide brushes. 

Surface coverage of the polyacrylamide, thickness and the chain length distribution of the 

polyacrylamide brushes are affected by the coverage of the initiator and/or 

polymerization time. It is necessary to study how the surface properties change with the 
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polymerization time, and if the polyacrylamide film can induce the interaction between 

proteins and polymer. By using electric field as a driving force to make proteins migrate 

on top of a brush of polyacrylamide coated on the capillary wall, the interaction between 

proteins and the polymer brush prepared after various polymerization time spans can be 

examined by the CE performance, including elution time, peak broadening and tailing, 

and irreversible absorption. Optimal polymerization conditions can be determined to 

prepare a polyacrylamide brush that will minimize the irreversible adsorption of the 

proteins and the interaction between the proteins and polymer brush. 

 

3.2 Experimental Section 

3.2.1 Chemicals and materials 

Surface initiators including (chloromethyl)phenylethyl-trichlorosilane (Gelest, 

Inc., Morrisville, PA) and (chloromethyl)phenylethyl-dimethylchlorosilane (Gelest, Inc., 

Morrisville, PA), methyltrichlorosilane, 99% (Gelest, Inc., Morrisville, PA), 

trimethylchlorosilane, 99% (Gelest, Inc., Morrisville, PA), acrylamide, 99% (Sigma-

Aldrich, St. Louis, MO), CuCl, 99.999% (Alfa Aesar, Ward Hill, MA), CuCl2, 99% 

(Acros Organics, Morris Plains, NJ) were used as received without further purification. 

Tris (2-dimethylaminoethyl) amine was synthesized according to a procedure published 

before.
51

 Silica particles of 330 nm were purchased from Fiber Optic Center, Inc. (New 

Bedford, MA). Fused silica capillaries with 50 µm i.d. and 100 µm i.d. were obtained 

from Polymicro Technologies (Phoenix, AZ). For fluorescence imaging, TRITC-labeled 
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bovine serum albumin (Invitrogen Co., Carlsbad, CA) was used without further 

purification. Lysozyme from chicken egg white (Sigma-Aldrich, St. Louis, MO) was 

labeled with NHS-rhodamine dye (Pierce Protein Research Products, Rockford, IL) and 

then purified with resin to remove unreacted fluorescent dye. 

 

3.2.2 Preparation of benzyl chloride monolayer on inner surface of the fused silica 

capillaries 

Fused silica capillaries were cleaned and rehydroxylated with 0.1 M NaOH for 10 

min at room temperature using a syringe pump to push the base solution through the 

capillaries at a flow rate of 100 µL/min. Then the capillaries were rinsed with Milli-Q 

water and ethanol for 10 min each, using a syringe pump at a flow rate of 100 µL/min as 

well. The cleaned capillaries were cut to 12-cm long portions and then dried in a vacuum 

oven heated to 70 °C for 1 hr.  

A mixture of (chloromethyl)phenylethyl-trichlorosilane (BC-triCl) and 

methyltrichlorosilane (C1) in a volume ratio of 20:1 was prepared in dried toluene. The 

concentration of BC-triCl was kept at 2% in the solution. Freshly cleaned and dried 

capillaries were immediately put in the initiator solution. The capillaries immediately 

wicked in silane solution by capillary force. The reaction was performed at room 

temperature for 3 hr and protected by nitrogen atmosphere.  After 3 hr of reaction, the 

capillaries were rinsed by dried toluene and then heated in an oven at 120 °C for 2 hr to 

facilitate the formation of siloxane bonds among trichlorosilanes. 
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To form the monolayer of (chloromethyl)phenylethyl-dimethylchlorosilane (BC-

monoCl) on the surface, cleaned and dried capillaries were put in 2% BC-monoCl 

solution in dried toluene. The reaction was heated to reflux temperature for 4 hr under 

nitrogen environment. After the reaction, the capillaries were rinsed with toluene and 

dried in a vacuum oven at 70 °C. The capillaries coated with BC-monoCl were then 

endcapped in 4% trimethylchlorosilane solution in dried toluene at reflux temperature for 

3 hr to cover unreacted surface silanol groups. Finally the capillaries were rinsed 

thoroughly with toluene and then dried in a vacuum oven.  

 

3.2.3 Preparation of benzyl chloride monolayer on silicon nanoparticles 

330 nm silica nanoparticles were washed in ethanol and calcined at 600 °C for 3 

cycles to remove residual water inside the particles. The calcined particles were 

rehydroxylated in HNO3:H2O (50:50, v/v) at boiling temperature for 4 hr to re-generate 

surface silanol groups. The rehydroxylated silica particles were thoroughly washed with 

Milli-Q water and then ethanol. Then the particles were dried in a vacuum desiccator 

overnight to remove any residual water. 

The modification of the surface of the silica particles with BC-triCl and BC-

monoCl was similar to the procedures described in section 3.2.2. Briefly, the silica 

particles were suspended in a mixture of BC-triCl and C1 (20:1, v/v) and reacted at room 

temperature for 3 hr with stirring on. The coated silica particles were thoroughly washed 

in toluene to remove any free silane molecules and then dried in an oven at 120 °C. To 
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coat the silica particles with BC-monoCl, particles were refluxed in 2% BC-monoCl 

solution for 4 hr. Then the particles were washed with toluene and dried in vacuum. 

Endcapping with 4% trimethylchlorosilane solution was performed on particles modified 

with BC-monoCl at reflux temperature for 3 hr. Finally the particles were washed with 

toluene again and then dried in vacuum. 

 

3.2.4 Surface-initiated atom transfer radical polymerization of acrylamide on 

capillary inner wall or silica nanoparticles 

A published procedure for surface-initiated ATRP at room temperature was 

followed to coat the slides or silica nanoparticles with polyacrylamide.
51

 A 20 mL 

volume of 3 M acrylamide in dimethyl formamide was bubbled with N2 for 1 hr to 

remove dissolved O2. A mixture of 49.5 mg (500 µmol) of CuCl and 6.7 mg (50 µmol) of 

CuCl2 were charged into a Schlenk flask. The Schlenk flask was vacuumed and back-

filled with argon for at least 3 cycles. The de-oxygened acrylamide solution was 

transferred into the flask containing copper salts under argon using a syringe. After the 

copper salts completely dissolved, 170 µL (600 µmol) tris (2-dimethylaminoethyl) amine 

(Me6TREN) was injected into the acrylamide solution to form a complex with the copper 

salts. Finally the reaction mixture was transferred to a de-oxygened Schlenk flask 

containing capillaries pre-coated with initiators to run the polymerization reaction. The 

polymerization time was varied over 1, 4 and 10 hr. Finally the capillaries coated with 
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polyacrylamide were rinsed with dimethyl formamide, water and ethanol using a syringe 

to remove unreacted monomer and catalyst, followed by drying in vacuum. 

The same concentrations of acrylamide and catalyst were used in the ATRP of 

acrylamide on silica nanoparticles. Particles coated with initiators were dispersed in 60 

mL of solution containing monomer and catalyst under argon protection. 10 mL of silica 

particle suspension was drawn out after 1, 3, 5, 7 and 10 hr of polymerization using a 

nitrogen-purged syringe. The polymerization was quenched by exposing the solutions to 

the air. The silica particles were then washed with dimethyl formamide, water and then 

dried in vacuum.  

 

3.2.5 Dynamic light scattering  

The thickness of the swollen polyacrylamide film in aqueous solution was 

measured by dynamic light scattering. Silica particles of 330 nm in diameter, modified 

with polyacrylamide were suspended in Milli-Q water by brief sonication and vortexing. 

The hydrodynamic radii of coated particles were measured by a DynaPro99 dynamic 

light scattering system (Wyatt Technology Corporation, Santa Barbara, CA) at 25 °C. 

The radii of unmodified particles were also measured to allow calculation of 

hydrodynamic thickness of the polyacrylamide layer. 

3.2.6 Measurement of electroosmotic flow in polyacrylamide coated capillaries 

The rate of electroosmotic flow (EOF) in the capillary electrophoresis was 

measured by the current-monitoring method.
80

 Figure 3.1 shows the experimental setup 
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used for the EOF measurement. A pair of double-well reservoirs for electrolyte was made 

from PDMS and press-fit onto a microscope slide after treatment with an UV ozone-

plasma cleaner. A 2-cm long capillary straddled two reservoirs. The double wells of the 

reservoirs were connected by a narrow slot. Electrodes were inserted in outer wells, while 

both ends of the capillary were in the inner wells. Such a reservoir design allows 

dissipation of the gases formed on the electrodes in the outer wells and minimizes the 

introduction of bubbles into the capillary. The polarity of an AF-10R30 high voltage 

power supply (Matsusada Precision INC., Kusatsu City, Shiga, Japan) was set to make 

the direction of EOF going from reservoir 1 to reservoir 2 through the capillary. Before 

the measurement of EOF, the capillary and both reservoirs were filled with 20 mM 

phosphate buffer, pH 7.4. A voltage of 100 V was applied for 10 min to let the surface of 

the capillary inner wall reach charge equilibrium. Then the capillary and reservoir 2 were 

filled with fresh 20 mM phosphate buffer, pH 7.4, while reservoir 1 was filled with 10 

mM phosphate buffer, pH 7.4. An electric field of 100 V/cm was then applied. The 10 

mM buffer reservoir 1 was brought into the capillary by EOF, gradually displacing the 20 

mM buffer in the capillary. The total resistance of the liquid in the capillary dropped, 

causing a gradual current change in the circuit. The change in current was monitored by 

recording the potential drop across the 10 KΩ (4 W) resistor as a function of time. The 

rate of EOF thus equals to the rate at which the current drop levels off. 
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Figure 3.1. The schematic diagram of current-monitoring method to measure 

electroosmotic flow rate through a capillary. Double-well reservoirs 1 and 2 for 

electrolyte are connected by a 2-cm long capillary.  

  

Capillary 
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The EOF in polyacrylamide coated capillaries of 100 µm i.d. was studied. Two 

different initiators, BC-triCl/C1 (20:1, v/v) and BC-monoCl, with the latter followed by 

endcapping with trimethylchlorosilane, were used. A 1 hr reaction time for ATRP was 

used. As a comparison, the rate of EOF in bare capillaries with 100 µm i.d. was measured 

as well. At least three measurements were performed on each capillary to calculate the 

average rate of EOF. 

 

3.2.7 Capillary electrophoresis of proteins 

The experimental setup of capillary electrophoresis (CE) was similar to the setup 

for EOF measurement with slightly modifications. The schematic diagram of the CE 

setup is illustrated in Figure 3.2. Overall, a 2-cm long capillary straddled two reservoirs 

made with PDMS. The PDMS reservoirs each had a double well connected by a narrow 

slot. The capillary fit into a tight notch in each reservoir to span across the reservoirs 

without leaking.  Each end of the capillary was in the inner well, while a platinum 

electrode was inserted into each outer well and connected to a high voltage power supply, 

allowing the electrophoresis bubbles to dissipate in the outer wells without going into the 

capillary. The movement of the zone of the fluorescently-labeled protein in the capillary 

was imaged by placing the capillary holder on the stage of an inverted fluorescence 

microscope. 

CE of TRITC-labeled bovine serum albumin (BSA) and rhodamine-labeled 

lysozyme was performed individually in the capillaries coated with polyacrylamide. Two 
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Figure 3.2. Schematic diagram of the experimental setup of protein capillary 

electrophoresis. Double-well reservoirs 1 and 2 for electrolyte are connected by a 2-cm 

long capillary. A pair of platinum electrodes was inserted in the reservoirs and connected 

to a high voltage power supply to apply electric field. 

  

Capillary 
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initiators, BC-triCl/C1 (20:1, v/v) and BC-monoCl followed by endcapping with 

trimethylchlorosilane, were used to modify capillaries. ATRP of acrylamide for 1, 4 and 

10 hr was performed to study the influence of the polymer on the protein CE behavior. 50 

µm i.d. capillaries were selected to provide higher surface-to-volume ratio and to 

exaggerate the protein/surface interaction. 10 mM phosphate buffer, pH 7.4, was used as 

electrolyte. Fluorescently labeled BSA and lysozyme were made into 1 µM solution in 

PBS. Capillaries pre-filled with 10 mM phosphate buffer were dipped in 1 µM protein 

solution for 5 s to load the sample to the capillary tip. Electric field of 500 V/cm was 

applied to the capillary by an AF-10R30 high voltage power supply (Matsusada Precision 

INC., Kusatsu City, Shiga, Japan). Between runs, the capillary was rinsed with 10 mM 

phosphate buffer, and the buffer solution in the reservoirs was replaced with fresh buffer.  

A Nikon Eclipse TE2000-U microscope equipped with a mercury lamp (Nikon 

Instruments Inc., Melville, NY) equipped with a Photonmax 512 CCD camera (Princeton 

Instrument, Trenton, NJ) was used for fluorescence detection. Fluorescence of labeled 

proteins was excited and then filtered using a G/2E-C filter cube (Nikon Instruments Inc., 

Melville, NY). The images were collected through a 2X objective (CFI Plan Apo 2X, 

Nikon Instruments Inc., Melville, NY) at 0.2 s exposure time and Winview software 

(Princeton Instruments, Trenton, NJ) was used for data acquisition. 
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3.3 Results and Discussion 

3.3.1 Hydrodynamic thickness of the polyacrylamide film 

Proteins usually carry charge in capillary electrophoresis (CE). Basic proteins, 

which usually carry a positive charge in CE buffer solution, will have strong electrostatic 

attraction to the negatively-charged capillary surface, leading to protein adsorption and 

zone broadening. The electrostatic interaction between the protein and surface 

exponentially decreases with the distance between protein and the capillary wall.
43

 

Coating the capillary wall with neutral polymer film not only increases the distance but 

also decreases the surface potential as well, further decreasing the electrostatic interaction. 

Ellipsometry results in Chapter 2 show that the thickness of polyacrylamide film 

prepared by ATRP is around 4 nm. Polyacrylamide is a water soluble polymer and swells 

in aqueous buffer. Therefore, the thickness of polyacrylamide film in aqueous 

environment is more informative when the appropriate polymerization time to prepare a 

film that is thick enough to minimize EOF and protein adsorption is to be determined. 

The hydrodynamic thickness of the polyacrylamide film prepared by ATRP on 

silica nanoparticles is measured by dynamic light scattering (DLS). The average radii of 

polyacrylamide coated silica particles are plotted as a function of polymerization time 

and displayed in Figure 3.3. The point of polymerization time of 0 hr represents the 

radius of the bare silica particles, which was 137±20 nm. After 1 hr of ATRP, the radius 

of the polyacrylamide coated silica particles increased to 150±18 nm using BC-triCl/C1 

as the initiator and 153±17 nm using BC-monoCl as the initiator. This corresponds to  
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Figure 3.3. Hydrodynamic radii of silica nanoparticles coated with polyacrylamide 

prepared by ATRP after different time. Two initiators were used to modify silica particles: 

BC-triCl/C1 mixture (20:1, v/v) and BC-monoCl followed by endcapping with 

trimethylchlorosilane. Data points of 0 hr polymerization represent the radius of bare 

silica particles. 
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polyacrylamide films of 14 nm and 16 nm, respectively. Extending the polymerization 

time does not greatly increase the thickness of polyacrylamide. The polymer chain length 

after various time of polymerization is the same within experimental error.  

Trichlorosilanes easily form multilayer on the surface because of their high 

reactivity with moisture. Note that negligible difference in the thickness and the 

polydispersity of the polyacrylamide coating was observed when comparing the radii of 

the coated particles using BC-triCl/C1 and BC-monoCl as the initiators, suggesting 

monolayer of polyacrylamide formed even though BC-triCl/C1 was used. 

 

3.3.2 Electroosmotic mobility in polyacrylamide-coated capillaries 

Modifying the capillary surface with polymer film can decrease electroosmotic 

flow (EOF) in CE, improving the reproducibility of the CE runs. Suppression of EOF is 

extremely important for capillary isoelectric focusing, which will be the research focus of 

the following chapters, because the EOF will pull catholyte into the capillary and replace 

the carrier ampholytes. This will cause longer focusing time, distorted and shifted pH 

gradient, and it can even make the analytes fail to focus. 

EOF can be reduced by increasing the viscosity in the double layer close to the 

capillary wall. By putting on a layer of neutral polymer that is soluble or swells in the 

buffer can increase the viscosity in the region that is close to the capillary surface.
38

 

Figure 3.3 indicates that the polymerization time does not significantly increase the 

hydrodynamic thickness of the polyacrylamide film on the silica surface. This 
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observation suggests that the electroosmotic mobility will be the same when the 

polymerization time is longer than 1 hr. The EOF rate in capillaries modified with 1 hr 

ATRP of acrylamide was measured by current-monitoring method. We found that the 

reproducibility of the measurement can be greatly improved by conditioning the 

capillaries under 50 V/cm for 10 min before measurement. 

In this method, an initial steady current was measured when the capillary and the 

reservoirs were filled with 20 mM phosphate buffer, pH 7.4. When the buffer in reservoir 

1 was replaced with 10 mM phosphate buffer, the current dropped under electric field 

until the capillary was completely filled with 10 mM phosphate buffer. A second steady 

state current was obtained at this point. The current drop was recorded by monitoring the 

potential drop across the 10 kΩ (4 W) resistor. 10 kΩ was selected to give a sufficient 

voltage output yet avoid a significant voltage drop across the resistor relative to the 

capillary. The electroosmotic mobility could be calculated based on the time span that the 

10 mM buffer completely filled the capillary, Δt, as illustrated in Figure 3.4, and 

Equation (1). 

                                                     (1) 

Where µeo represents electroosmotic mobility, L is the length of the capillary and E is the 

electric field applied.  
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Figure 3.4. Simulated chart recorder trace of the potential drop across the resistor in 

current-monitoring method for electroosmotic mobility measurement. Δt represents total 

time that is required to completely replace the 20 mM phosphate buffer in the capillary 

by 10 mM phosphate buffer under electric field. 
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Figure 3.5 and Figure 3.6 compare 3 replicate measurements of EOF in a bare 

capillary and in a polyacrylamide coated capillary using BC-triCl/C1 as the initiator, 

recorded by a chart recorder (raw data for EOF in a polyacrylamide coated capillary 

using BC-monoCl as the initiator are not shown). With 200 V output of the power supply, 

the potential across the resistor dropped from 2 V to 1.1 V when the 20 mM phosphate 

buffer in the capillary was gradually replaced by 10 mM phosphate buffer. This 

corresponds to a current decrease from 2.0 mA to 1.1 mA. As Figure 3.5 and Figure 3.6 

show, it took longer time for 10 mM phosphate buffer to fill the whole capillary in a 

polyacrylamide-coated capillary compared to a bare capillary. 

The electroosmotic mobility in the capillaries after 1 hr ATRP of acrylamide was 

measured and compared in Figure 3.7. As a comparison, the EOF in a bare capillary and 

the capillary coated with poly (ethylene glycol) was also measured. The electroosmotic 

mobility in a bare capillary was 4.5×10
-4

 cm
2
V

-1
s

-1
. Electroosmotic mobility in a 75 µm 

i.d. capillary was reported to be 5×10
-4

 cm
2
V

-1
s

-1
,
81

 slightly higher than what we 

measured for a 100 µm i.d. capillary. Coating the capillary with polyacrylamide by 1 hr 

ATRP using either BC-triCl/C1 mixture or BC-monoCl followed by endcapping 

decreased the electroosmotic mobility to 1.0×10
-4

 cm
2
V

-1
s

-1
 and 1.1×10

-4
 cm

2
V

-1
s

-1
, 

respectively. This is about 4.5-fold decrease in electroosmotic mobility compared to a 

bare capillary. Poly (ethylene glycol) (PEG) is one of the most popular coatings to 

prevent protein adsorption in CE. We also measured the electroosmotic mobility in 

capillaries coated with PEG silane followed by endcapping with trimethylchlorosilane. 

The valued was determined to be 4.4×10
-4

 cm
2
V

-1
s

-1
, more than 4-fold higher than the  
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Figure 3.5. Triplicate measurements of current drop recorded when 10 mM phosphate 

buffer was introduced into the capillary by electroosmotic flow in a bare capillary under 

200 V. 
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Figure 3.6. Triplicate measurements of current drop recorded when 10 mM phosphate 

buffer was introduced into the capillary by electroosmotic flow in a capillary modified 

with BC-triCl/C1 followed by 1 hr ATRP of acrylamide. 200 V was applied. 
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Figure 3.7. The electroosmotic mobility in (a) a bare capillary; (b) a capillary modified 

with BC-triCl/C1 (20:1, v/v) followed by 1 hr ATRP of acrylamide; (c) a capillary 

modified with BC-monoCl and endcapped with trimethylchlorosilane followed by 1 hr 

ATRP of acrylamide and (d) a capillary coated with poly (ethylene glycol). 
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electroosmotic mobility in the capillaries coated with polyacrylamide prepared by 

surface-initiated ATRP. This suggests that surface-initiated ATRP has the advantage of 

preparing a dense film of polyacrylamide on the capillary surface to greatly suppress the 

electroosmotic flow and improve the reproducibility of CE. 

 

3.3.3 Capillary electrophoresis of bovine serum albumin in polyacrylamide-coated 

capillaries 

To study the influence of protein adsorption, both irreversible and reversible 

adsorption, to the capillary wall coating on the performance of capillary electrophoresis 

(CE), CE of TRITC-labeled bovine serum albumin (BSA) was performed in 

polyacrylamide coated capillaries after different time of polymerization. BSA is known to 

be a protein that has high affinity to a variety of surfaces. Any exposed hydrophobic 

moieties in the polyacrylamide film such as unreacted initiator and C1 will potentially be 

the sites that cause BSA to adsorb. Therefore, BSA is an appropriate candidate to study if 

the polyacrylamide film prepared by ATRP is dense enough. Another major question that 

needs to be studied is if the reversible adsorption of the proteins on the polyacrylamide 

film will induce secondary separation in CE. 

The electropherograms of CE of BSA in a bare capillary and in the capillaries 

coated with polyacrylamide in pH 7.4 10 mM phosphate buffer are displayed in Figure 

3.8 and Figure 3.9. BC-triCl/C1 mixture and BC-monoCl followed by endcapping were 

used as the initiators, respectively. ATRP of acrylamide for 1, 4 and 10 hr was performed 
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Figure 3.8. Capillary electrophoresis of TRITC-labeled bovine serum albumin in a bare 

capillary and in the capillaries pre-modified with BC-triCl/C1 (20:1, v/v) followed by 1, 

4 and 10 hr ATRP. All the capillaries were cut to 2-cm long and the detection window 

was set at 1.8 cm away from the injection side. 10 mM phosphate buffer, pH 7.4, was 

used as electrolyte. 500 V/cm was applied on the capillaries to perform electrophoresis. 
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Figure 3.9. Capillary electrophoresis of TRITC-labeled bovine serum albumin in a bare 

capillary and in the capillaries pre-modified with BC-monoCl and endcapping with 

trimethylchlorosilane followed by 1, 4 and 10 hr ATRP. All the capillaries were cut to 2-

cm long and the detection window was set at 1.8 cm away from the injection side. 10 mM 

phosphate buffer, pH 7.4, was used as electrolyte. 500 V/cm was applied on the 

capillaries to perform electrophoresis. 
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to study whether the CE performance will be affected by slightly different surface 

coverage of acrylamide. In the bare capillaries, BSA migrated from positive electrode to 

ground, the same direction as EOF, despite it was negatively charged at pH 7.4. This is 

due to the strong EOF in bare capillaries as mentioned in 3.3.2. The EOF mobility in 

polyacrylamide coated capillaries was 4.5-fold lower compared to bare capillaries. 

Negatively charged BSA migrated against EOF, moving from ground to anode due to the 

electrostatic attraction between the negatively-charged protein and the positive electrode. 

The elution time of BSA in the bare capillary and the polyacrylamide coated 

capillaries are comparable. The dash lines in Figure 3.8 and Figure 3.9 indicate the 

baseline before BSA eluted.  There was baseline increase after BSA eluted in the BC-

triCl/C1 modified capillary with 1 hr ATRP suggesting irreversible adsorption of BSA on 

the capillary surface. Negligible irreversible adsorption was observed for 4 hr and 10 hr 

ATRP using the same initiator. Using BC-monoCl as the initiator followed by 

endcapping with trimethylchlorosilane could not completely eliminate the irreversible 

adsorption. Therefore, using BC-triCl/C1 is able to further reduce BSA irreversible 

adsorption than using BC-monoCl as the initiator. Such behavior was in accordance with 

what was observed in BSA adsorption on flat surfaces coated with polyacrylamide film, 

as described in 2.3.6. Possible reason for lower irreversible adsorption using BC-triCl/C1 

as the initiator might be higher surface coverage of the polyacrylamide, which repelled 

the BSA molecules from contacting with unreacted initiators and C1. Moreover, the 

capillaries using BC-triCl/C1 as the initiator were able to resolve the dimer of BSA, 

while the capillaries using BC-monoCl as the initiator failed to separate the dimer. 
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Note that CE of BSA in the capillaries modified with 1 hr ATRP of acrylamide 

using both initiators produced broad humps at 35-40 s indicating there was a slow 

desorption of BSA from the surface which might be due to insufficient surface coverage 

of polyacrylamide. Longer polymerization time eliminated the humps, suggesting that the 

coating was more uniform. Slow increase in surface coverage of acrylamide with 

polymerization time longer than 1 hr was proved by microanalysis, as described in 2.3.3. 

The peak width, σ, and the elution time were plotted as a function of 

polymerization in Figure 3.10 and Figure 3.11. It is evident that the polymerization time 

and the initiator used have negligible influence on the peak width and the elution time of 

BSA within the experimental error. Both factors only affect irreversible adsorption in CE. 

In the literature, ATRP of acrylamide was performed for at least 10 hr to prevent protein 

adsorption in CE.
44

 Our study shows that 4 hr ATRP is enough to prepare polyacrylamide 

coating with sufficient surface coverage to prevent both reversible and irreversible 

adsorption of BSA. 

 

3.3.4 Capillary electrophoresis of lysozyme in polyacrylamide-coated capillaries 

CE of rhodamine-labeled lysozyme was performed in polyacrylamide coated 

capillaries after various polymerization time. Lysozyme is positively charged in neutral 

pH media, and adsorbs strongly to the negatively-charged capillary surface.
82

 Therefore, 

lysozyme is an appropriate protein to characterize if the polyacrylamide brush prepared 

by ATRP sufficiently shields the surface silanol groups. 
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Figure 3.10. Plot of elution time of TRITC-labeled bovine serum albumin in capillary 

electrophoresis as a function of polymerization time of ATRP.  
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Figure 3.11. Plot of peak width, σ, of TRITC-labeled bovine serum albumin in capillary 

electrophoresis as a function of polymerization time of ATRP. 

  



109 

 

 

The electropherograms of CE of lysozyme in a bare capillary and in the 

capillaries coated with polyacrylamide are displayed in Figure 3.12. BC-triCl/C1 (20:1, 

v/v) mixture was used as the initiator. In both bare capillaries and polyacrylamide coated 

capillaries, lysozyme was loaded to the capillary tip that was connected to the positive 

electrode. Cationic lysozyme migrated from anode to ground, the same direction as EOF. 

Lysozyme strongly absorbed on uncoated capillary wall when it migrated in bare 

capillaries due to the electrostatic attraction between the protein and the deprotonated 

surface silanol groups. No lysozyme eluted when the detection window was 1.8 cm away 

from the injection side. All the lysozyme injected adsorbed on the portion of capillary 

wall that was close to the injection side. Figure 3.13(a) shows the fluorescence image of 

the rhodamine-labeled lysozyme that absorbed on the bare capillary. Coating the capillary 

wall with polyacrylamide covers the surface silanols and significantly suppressed the 

electrostatic interaction between lysozyme and the surface. Suppressed irreversible 

adsorption of lysozyme on the walls of polyacrylamide coated capillaries was observed, 

as exhibited in Figure 3.13 (b). Elution of lysozyme was obtained for all the 

polyacrylamide-coated capillaries as shown in Figure 3.12. 

The dash lines in Figure 3.12 indicate the baseline before lysozyme eluted. 

Irreversible adsorption of lysozyme onto the surface still existed evidenced by the 

elevated baseline fluorescence after lysozyme eluted. The irreversible adsorption of 

lysozyme might be attributed to the electrostatic adsorption to the residual unreacted 

surface silanols. Figure 3.12 also shows peak tailing happened in the CE of lysozyme in 
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Figure 3.12. Capillary electrophoresis of rhodamine-labeled lysozyme in a bare capillary 

and in the capillaries pre-modified with BC-triCl/C1 (20:1, v/v) followed by 1, 4 and 10 

hr ATRP. All the capillaries were cut to 2-cm long and the detection window was set at 

1.8 cm away from the injection side. 10 mM phosphate buffer, pH 7.4, was used as 

electrolyte. 500 V/cm was applied on the capillaries to perform electrophoresis. 
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Figure 3.13. (a) The adsorption of rhodamine-labeled lysozyme on the bare capillary in 

CE. (b) 1 hr ATRP of acrylamide suppressed the irreversible adsorption of lysozyme onto 

the capillary wall. BC-triCl/C1 (20:1, v/v) was used as the initiator. Both capillaries were 

2-cm long. 

  

(a) 

(b) 



112 

 

 

polyacrylamide coated capillaries, possibly due to reversible adsorption of lysozyme on 

the surface. 

The average peak width, σ, and the average elution time of lysozyme were plotted 

as a function of polymerization in Figure 3.14.  Similar to what was observed for CE of 

BSA, the polymerization time had negligible influence on the peak width and elution 

time within experimental error. Note that BSA had lower irreversible adsorption and the 

eluted BSA peak was more symmetric compared to lysozyme in the polyacrylamide 

coated capillaries. The asymmetric peak of lysozyme may be due to the coulombic 

interaction between positively charged lysozyme and residual surface silanol groups. It 

should be pointed out that elution of lysozyme by CE in polyacrylamide coated 

capillaries using BC-monoCl as the initiator followed by endcapping was unsuccessful. 

This should be attributed to less surface coverage of the initiators and polyacrylamide 

using BC-monoCl. The coulombic attraction due to the unreacted surface silanols was not 

sufficiently suppressed.  

 

3.4 Conclusions 

Surface-initiated ATRP of acrylamide was successfully performed in the 

capillaries using either BC-triCl/C1 mixture (20:1, v/v) or BC-monoCl followed by 

endcapping with methyltrichlorosilane. Since polyacrylamide is a water-soluble polymer. 

The polyacrylamide brush prepared by surface-initiated ATRP swells in aqueous buffers. 

The hydrodynamic thickness of the polyacrylamide film in water was measured by  
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Figure 3.14. Plot of peak width, σ, and elution time of rhodamine-labeled lysozyme in 

capillary electrophoresis as a function of polymerization time of ATRP. BC-triCl/C1 

(20:1, v/v) was used as the initiator. 
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dynamic light scattering. The thickness of the film was around 16 nm after 1 hr 

polymerization. After that polymerization time did not increase the chain length of the 

polymer. Coating the capillary wall with polyacrylamide greatly reduced the EOF in 

capillary electrophoresis. After 1 hr of ATRP on the capillary surface, EOF mobility was 

reduced by 4.5-fold compared to bare capillaries. 

Capillaries electrophoresis of BSA and lysozyme was performed in the 

polyacrylamide-coated capillaries, respectively. The results suggested that a dense 

polyacrylamide brush could be prepared from the surface using BC-triCl/C1 mixture as 

the initiator. The polyacrylamide film suppressed the coulombic attraction between the 

protein and the deprotonated surface silanols, which prevents the adsorption of positively 

charged proteins on the silica surface. 4 hr ATRP of acrylamide is sufficient to generate a 

film with enough surface coverage and reduce the irreversible adsorption to negligible 

level. Chromatographic effect introduced by surface coating was not observed for 

polymerization time longer than 4 hr. In addition, the polymerization time did not affect 

the elution time or peak width. Therefore, polymerization time longer than 4 hr is not 

required to prepare a layer of polyacrylamide with minimal reversible and irreversible 

protein adsorption.  
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CHAPTER 4 FIELD-FREE REMOBILIZATION OF PROTEINS 

AFTER ISOELECTRIC FOCUSING IN PACKED CAPILLARIES 

4.1 Introduction 

Capillary isoelectric focusing (cIEF) allows high-speed separations of proteins in 

only minutes, as detailed in recent reviews.
83-86

  Resolution increases with the square root 

of applied voltage, and resolutions from 0.02 pH units to as low as 0.002 pH units have 

been achieved for high voltages.
21, 87-90

 cIEF makes use of mobile ampholytes, which are 

low molecular weight species that quickly establish a pH gradient under an applied 

voltage.  While gel IEF is usually used as part of a multidimensional separation, there are 

stand-alone analyses that have been developed for cIEF. As examples, proteins can be 

imaged inside capillaries to determine pI,
89

 the molecular weight can be estimated from 

the diffusion coefficient to effect a 2D analysis,
91

 and fluorescence imaging has been 

used for rapid analysis of doping drugs,
88

 therapeutic proteins,
92

 and protein-DNA 

binding.
93

 

For many applications, the proteins must be removed from the capillary for 

identification by mass spectrometry. The on-line integration of cIEF with mass 

spectrometry was first demonstrated for peptides, where replacing the base reservoir with 

acid gives chemical remobilization of the proteins by imparting a positive charge.
26

 A 

downside of chemical remobilization is that it changes the relative peak positions.
94, 95

  

Remobilization by pressurized flow avoids this problem. The electric field must be 

maintained during remobilization with pressurized flow to reduce band broadening 
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caused by the Poiselle flow profile. Pressure-remobilized proteins can be spotted on a 

MALDI plate,
96, 97

 or electrosprayed into a mass spectrometer by using sheath flow of 

acidic solution to charge the proteins, although the ampholytes suppress electrospray 

ionization.
26, 98, 99

 The remobilized proteins can be flowed into a column for reversed-

phase liquid chromatography (RPLC) for an additional separation dimension, where the 

RPLC separation also prevents suppression of ionization by separating the ampholytes 

from the proteins.
100

 In practice, when two separations of high peak capacity are used 

sequentially as two dimensions, one dimension typically is sampled at a low frequency, 

i.e., nine cIEF fractions were analyzed by RPLC, with a pI resolution of 0.12 pH units 

(4).
101

  While cIEF-RPLC demonstrates a promising concept, a problem with the 

practical implementation is that the pH axis in cIEF is unpredictable because mobile 

ampholytes give shifting pH gradients, gradient compression, and sometimes band 

distortion from isotachophoresis.
22, 102

 These instabilities make it extremely challenging 

to collect fractions at the intended pI values.   

The present conundrum in proteomic applications of cIEF is that an immobilized 

pH gradient is needed to define the pI values of proteins, yet an immobilized gradient 

would not allow the electric field to remain on during pressure-driven remobilization.  It 

is conceivable that packed capillaries could solve this problem, providing a high surface 

area to support immobilized ampholytes while also giving an even flow profile across the 

capillary diameter to enable remobilization without an electric field. On the other hand, 

the packing can introduce new problems, including eddy diffusion to broaden the bands 

during remobilization, adsorption of the proteins to shift the bands due to 
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chromatographic retention, slower focusing from higher column resistance, and loss of 

protein through irreversible adsorption.  The ability to immobilize a pH gradient in a 

packed capillary has been demonstrated: ampholytes were immobilized by binding them 

to a polymer monolith bearing epoxide groups.
103

 Field-free remobilization has not yet 

been demonstrated. 

The purpose of this chapter is to investigate whether capillaries packed with 

nonporous silica particles can be used for field-free pressure-driven remobilization, 

without significant loss of resolution.  The silica particles are chemically modified with a 

brush layer of polyacrylamide made by atom-transfer radical polymerization,
42, 43

 which 

uses a self-assembled siloxane monolayer to further reduce electroosmotic flow.  The 

performance of cIEF in the packed capillary is compared with that for an open capillary 

having the same chemical modification on its inner walls, and both use the same carrier 

ampholytes to establish a pH gradient from 3 to 10 units.  The speed, resolution, and 

range of electric fields are compared, and the resolution after field free, pressure-driven 

remobilization is studied for the packed capillary. 

 

4.2 Experimental Section 

4.2.1 Chemicals and materials 

900 nm silica particles were purchased from Fiber Optic Center, Inc. (New 

Bedford, MA). Silica capillaries of 100 m i.d. were obtained from Polymicro 

Technologies (Phoenix, AZ). Methyltrichlorosilane, 99% (Gelest, Inc., Morrisville, PA), 
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(chloromethyl)phenylethyl-trichlorosilane (Gelest, Inc., Morrisville, PA), acrylamide 

(Sigma-Aldrich, St. Louis, MO), CuCl, 99.999% (Alfa Aesar, Ward Hill, MA), CuCl2, 99% 

(Acros Organics, Morris Plains, NJ), 40% carrier ampholytes pH 3-10 (Sigma-Aldrich, St. 

Louis, MO), urea (Mallinckrodt Baker, Phillipsburg, NJ), CHAPS (Bio-Rad Laboratories, 

Hercules, CA) and dithiothreitol (Bio-Rad Laboratories, Hercules, CA) were used as 

received without further purification. Tris (2-dimethylaminoethyl) amine was synthesized 

according to a procedure published before.
51

 Protein standards including trypsin inhibitor, 

carbonic anhydrase II, myoglobin, cytochrome C, and -galactocidase (all from Sigma-

Aldrich, St. Louis, MO) were labeled with Alexa Fluor 546, Alexa Fluor 488, and Alexa 

Fluor 647 (Invitrogen Co., Carlsbad, CA) for fluorescence imaging, and separated from 

excess dye by Sephadex gel. 

 

4.2.2 Capillary Preparation 

To pack the capillaries, a 30% (w/w) slurry of 900 nm silica particles in water was 

sonicated and wicked into freshly cleaned silica capillaries of 100 m i.d., and then a 

pump was used to compress the slurry against a frit until a final pressure of 600 bar was 

achieved.  The capillary was allowed to dry in air after the frit was removed.  An 8% (v:v) 

solution of methyltrichlorosilane and (chloromethyl)phenylethyl-trichlorosilane at a 

volume ratio of 1:20, respectively, was prepared in dry toluene.  This solution was 

wicked into the dry, packed capillary and allowed to react overnight under nitrogen.  The 

capillary was rinsed with dry toluene using an HPLC pump, and allowed to dry in an 
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oven at 120 C for two hours.  A de-oxygened solution of acrylamide, CuCl, CuCl2 and 

tris (2-dimethylaminoethyl) amine in dimethyl formamide was prepared as described 

earlier,
51

 and this solution was wicked into the capillary in an argon atmosphere and 

allowed to react for three hours.  (CAUTION: acrylamide is a neurotoxin, care must be 

taken to avoid breathing the powder or contact of the solution with skin.  Wear gloves, 

and weigh out the acrylamide under the hood.)  The capillary was then rinsed with 0.1 M 

EDTA solution, water and then ethanol using an HPLC pump, and dried in a vacuum 

desiccator. 

 

4.2.3 cIEF 

The apparatus for cIEF is depicted in Figure 4.1. Overall, a 2-cm long capillary 

packed with 900 nm silica particles straddled two reservoirs made with PDMS. The 

PDMS reservoirs each had a double well connected by a narrow slot. The pair of PDMS 

reservoirs was press-fit onto the microscope slide after treatment with an UV ozone-

plasma cleaner. The capillary fit into a tight notch in each reservoir to span across the 

reservoirs without leaking. A Pt electrode was inserted into each outer reservoir and 

connected to a power supply, while each end of the capillary was in an inner well. This 

minimized the introduction of bubbles into the capillary by allowing electrophoresis 

gases to dissipate in the outer wells. The capillary was imaged by placing the microscope 

slide on an inverted fluorescence microscope, and using fluorescence-labeled proteins in 

the experiments.  The concentrations of H3PO4 and NaOH as anolyte and catholyte were 
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Figure 4.1. Schematic of apparatus.  A 2-cm capillary straddles the two reservoirs, and 

the microscope objective collects the fluorescence for imaging.  For the packed capillary, 

the particles have a polyacrylamide brush layer on top of a self-assembled monolayer.  
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optimized to minimize cathodic or anodic drift, and the optimal concentrations were 

found to be 20 mM H3PO4 and 20 mM NaOH. 

A mixture of 0.002 mg/mL trypsin inhibitor, 0.002 mg/mL carbonic anhydrase II 

and 0.005 mg/mL myoglobin all of which were labeled with Alexa Fluor 546, 4% carrier 

ampholytes pH 3-10, 8 M urea, 2% CHAPS and 50 mM dithiothreitol was injected into 

the whole capillary. The catholyte reservoir was filled with 20 mM NaOH and the 

anolyte reservoir was filled with 20 mM H3PO4. The electric field was supplied by a 

high-voltage power supply (―10A→25A‖ Series, Ultravolt, Ronkonkoma, NY), and 

controlled by LabView.  (CAUTION, care must be taken to avoid touching the electrodes 

while the voltage is applied.)  Care is needed to avoid bending the capillaries because this 

causes cracks to form.  If the capillary had a crack, a gas bubble would form at the crack, 

which would cause electrophoretic migration to stop. An inverted optical microscope 

equipped with a Hg lamp (Eclipse Ti-S, Nikon Instruments Inc., Melville, NY) and a 

CCD camera (ProEM 512, Princeton Instruments, Trenton, NJ) was used for fluorescence 

detection. Fluorescence of labeled proteins was excited and then filtered using a QMAX-

Yellow filter cube (Omega Optical, Brattleboro, VT). The images were collected through 

a 2X objective (CFI Plan Apo 2X, Nikon Instruments Inc., Melville, NY) and Winview 

software (Princeton Instruments, Trenton, NJ) was used for data acquisition. 
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4.3 Results and Discussion 

4.3.1 Silica packing in the capillaries 

The silica packing in the capillaries has to be compact without cracks or void 

spaces, otherwise those defects in the packing will be the sites that cause severe protein 

adsorption during the cIEF. When the author first started this project, silica packing in the 

capillaries was prepared by vertical deposition. 900 nm silica particles do not self-

assemble to form crystals. Vertical deposition tends to generate a loose packing of 900 

nm silica particles. The packing will shrink when it dries in the air, leaving void space 

between the packing and the capillary wall. Figure 4.2(a) shows the SEM image of the 

cross section of a capillary packed by vertical deposition. One can see the space between 

the capillary and the packing highlighted by circles. Figure 4.2(b) clearly shows the 

fluorescently labeled proteins sticking in the void spaces, indicating the void spaces exist 

all along the capillary. 

In order to solve this problem, pressure was used to pack the capillaries with 900 

nm silica particles. High pressure provided by the pump pushes the particles tightly 

against the capillary wall, and generates packing without the void spaces between the 

packing and wall space. As shown in Figure 4.2(c), the silica packing prepared under 

pressure is dense and compact against the wall. Protein adsorption due to the existence of 

void space is completely eliminated. 

  



123 

 

 

       Silica packing in a capillary prepared by vertical deposition 

 

 

 

 

 

 

 

Figure 4.2. (a) SEM image of the cross-section of a packed capillary prepared by vertical 

deposition. The void spaces between the capillary wall and the packing are highlighted. 

(b) Image of fluorescently-labeled proteins adsorbed in the void spaces which are shown 

in (a). (c) SEM image of the cross-section of a packed capillary prepared by pressure 

packing, showing the elimination of void space between capillary wall and the packing.  

(a) 

(b) 

Adsorption of proteins in the void space shown in (a) 

Silica packing in a capillary prepared by pressure packing (c) 
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4.3.2 Isoelectric focusing of protein mixtures in packed capillaries 

Figure 4.3 shows fluorescence images constituting raw electropherograms for a 

mixture of proteins labeled with Alexa Fluor 546, including myoglobin (pI = 6.0), 

carbonic anhydrase II (pI = 5.6) and trypsin inhibitor (pI = 4.4) in 2-cm open vs. packed 

capillaries. Raw images showing how proteins focused from filling the entire capillary to narrow 

bands in packed capillary are shown in Figure 4.4. The pI values indicated in Figure 4.3 

were the values after labeling. They were determined using commercial IPG strips, and 

differ from those of the parent proteins because the labeling dye changes the protein 

charges. Dyes are available that avoid a change in charge upon labeling, but the Alexa 

Fluor dyes were chosen for their stability and brightness. For both packed and open 

capillaries, the focusing was performed until there was no further improvement in 

resolution, which was on the scale of minutes.  Images of the focused zones are shown in 

Figure 4.3 for two different electric fields: 200 V/cm and 500 V/cm.  The images in 

Figure 4.3(a) for the case of 200 V/cm show that the electropherograms are similar for 

packed vs. open capillaries. For the open capillary, the pH gradient is shifted away from 

the reservoir and compressed, relative to that for the packed capillary. This commonly 

occurs for open capillaries and it is due to the incursion of catholyte and anolyte into the 

capillary
22

. The packing apparently hinders this process. The images for the case of 500 

V/cm in Figure 4.3(b) show that resolution is slightly increased for the case of the 

packed capillary, and the positions of the peaks are nearly the same. This amount of 

shifting is typical of that observed from run to run. The resolution for the packed 

capillary was determined using the main peak for trypsin inhibitor, which has a standard 
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Figure 4.3. Raw images for cIEF of three proteins, comparing packed and open 

capillaries using (a) 200 V/cm and (b) 500 V/cm for focusing.  All the images are on the 

same size scale. The tips of the capillaries, are aligned to the right. The region of pH 

gradient of 6-10 is not shown, since there was no protein focused in that region. The 

intensity range of the fluorescence intensity was adjusted for each image to maximize 

contrast. The dotted lines illustrate the gradient compression for the open capillary. The 

indicated pI’s are for the proteins after labeling. The size scale is shown at the bottom. 

  

(b) 

(a) 
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Figure 4.4. Raw images of cIEF of myoglobin, carbonic anhydrase II and trypsin inhibitor in silica packed capillary. Snapshots at different 

positions of the capillary were compiled to show the cIEF process. cIEF was performed at 200 V/cm. Proteins were labeled with Alexa 

Fluor 546. 20 mM H3PO4 was used as anolyte and 20 mM NaOH was used as catholyte. All of the images are on the same size scale. 
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deviation of 28 m, and the pH gradient of 0.27/mm in Figure 4.3(b), shows that the 

resolution is 0.03 pH units. The resolution obtained by cIEF in packed capillary is 

comparable to the high resolution of open capillary cIEF for a comparable voltage.
21, 88, 89

  

For the open capillary, the broadening is too severe at 500 V/cm to be useful.  The zones 

are apparently shaped by isotachophoresis, which sometimes occurs in open capillaries.  

The packing material apparently suffers less from heating at 500 V/cm. 

The packed capillaries have less protein injected by virtue of the lower free 

volume.  To determine the free volume, the volume of water that wicks into the capillary 

was measured. The result of the measurement shows a free volume of 39%, which is 

virtually the same as the 40% free volume that one would expect from random packing of 

spheres. This reduces the amount of protein injected by a factor of 0.39, giving slightly 

worse the half of the sensitivity that one would obtain using an open capillary if the same 

resolution were achieved for both. 

 

4.3.3 The influence of electric field on the resolution of isoelectric focusing in packed 

capillaries 

To test whether resolution continues to improve with increasing electric fields for 

the packed capillary, trypsin inhibitor was focused at 200 V/cm, imaged, and then the 

field was increased stepwise by 100 V/cm and imaged for after focusing for each field.  

Trypsin inhibitor was used for this study because it was the cleanest protein sample.  

Figure 4.5 shows that the resolution is progressively increased with electric field, where  
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Figure 4.5. Plot of the peak intensity vs. position for trypsin inhibitor at four different 

electric fields.  The plot for the case of 1500 V/cm is dotted to facilitate readability of the 

graph.  
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the peak profile as a function of electric field is plotted for electric fields of 200, 500, 

1000 and 1500 V/cm.  Protein precipitation that might arise from Joule heating was not 

observed even at 1500 V/cm, which is probably due to higher thermal conductivity of 

densely packed silica particles.
32

  The asymmetric peak at 200 V/cm becomes two peaks 

at 1000 and 1500 V/cm, with slightly better resolution at 1500 V/cm. 

The trypsin inhibitor peak was fit to a Gaussian at each electric field as illustrated 

in Figure 4.6, to get peak width at different electric field. From Figure 4.7, the peak 

width decreases with the square root of electric field, but with a nonzero intercept. The 

presence of an intercept suggests that the protein has at least one additional impurity that 

is not resolved.  Higher fields were not tried.  The results show that the packed capillary 

can be used at much higher electric fields to obtain higher resolution, and this is probably 

a consequence of the heat dissipation. 

 

4.3.4 Current change during isoelectric focusing in packed capillaries 

To test whether the better performance at higher voltage is due to better heat 

dissipation vs. less solution being inside of the packed capillary, it is instructive to 

examine the current vs. time during focusing.  Figure 4.8 shows a plot of current vs. time 

for an open vs. packed capillary as focusing proceeds, with a fixed electric field of 200 

V/cm.  The current in the open and packed capillaries is on µA level, which is 

comparable to the value in regular cIEF as reported in the literature.
99, 104

 The current is  
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Figure 4.6. Peak for trypsin inhibitor as a function of electric field: experimental (O) and 

Gaussian fit () at three different electric fields, as indicated.  
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Figure 4.7. Peak for trypsin inhibitor as a function of electric field: experimental (O) and 

linear fit () at three different electric fields, as indicated.  
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Figure 4.8. Plot of current vs. focusing time for the packed capillary () using the left-

hand scale, and the open capillary () using the right-hand scale.  The electric field was 

constant at 200 V/cm in both cases.  
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initially three times higher for the open capillary, but the current decreases earlier.  After 

2 min, the current is a factor of two higher for the open capillary and remains 

approximately at that ratio.  Given the relation for dissipated power as P = IV, the open 

capillary has about twice the dissipated power over the 20 min time of the experiment.  

The open capillary lost resolution at 500 V/cm, while the packed capillary still gained 

resolution at the three-fold higher field of 1500 V/cm. This indicates that the packed 

capillary has better heat dissipation. The reason is likely that silica has higher thermal 

conductivity than water, and the packed capillary is mostly silica, with intimate contact 

with the water for maximum heat transfer.  The packing also limits convection, further 

reducing heating effects. 

The packing ought to slow the speed of focusing. Figure 4.8 compares the speed 

of focusing for the packed vs. open capillaries for the same electric field and capillary 

length: 200 V/cm and a 2-cm length.  In both cases, the current dropped rapidly, and then 

decreased more gradually, consistent with what has been widely reported previously.  

The steep drop ended after 3 min for the open capillary and 6 min for the packed 

capillary, indicating that the packing increases the time for focusing by a factor of two.  

Complete focusing occurred in about double the time for the steep current drop, i.e., 6 

min were required for the open capillary and 12 min were required for the packed 

capillary to complete the focusing at 200 V/cm.  The two-fold slower rate for the packed 

capillary is not a detriment to practical applications.  The focusing time of cIEF can be 

shortened to as little as a minute by using a higher voltage or a smaller length,
20, 105

 and 
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the packed capillary ought to follow suit.  While the packing slows focusing, it is still 

much faster than gel IEF, where 15 hour runs are typical.  

 

4.3.5 Field-free remobilization of focused proteins in packed capillaries 

The packing is expected to obstruct protein diffusion, and this was measured by 

imaging the focused peaks as a function of time after the voltage was turned off.  Again, 

trypsin inhibitor was analyzed because it was the cleanest protein. Figure 4.9 shows a 

plot of peak variance vs. time for trypsin inhibitor.  The slope of such a plot is 2D, and 

the data reveal a large difference in slope, giving D = 28.8(0.3)x10
-8

 cm
2
/s for the open 

capillary, and D = 6.1(0.2)x10
-8

 cm
2
/s for the packed capillary.  The consequence of the 

small diffusion coefficient is that broadening during pressure driven remobilization is 

reduced.  The time it would take for trypsin inhibitor to broaden by a factor of two would 

thus be 145 s. The packed capillary could thus be advantageous for remobilization into 

another separation dimension if other contributions to broadening are not overwhelming. 

Figure 4.10 shows images of the trypsin inhibitor after pressure driven 

remobilization in the absence of electric field.  For the packed capillary, illustrated in 

Figure 4.10(a), the peak was flowed through a distance of 1.56 cm in 87.4 s, but total 

time that elapsed was 237 s because of the time required to attach the pressure fitting to 

the capillary. To account for diffusion during this time, a peak that simply diffused for 

the same time period of 237 s is shown for comparison. These two images show that the 

broadening from pressure remobilization is larger than the contribution from molecular  
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Figure 4.9. Plot of the change in peak variance vs. time after the voltage is turned off for 

focused trypsin inhibitor in the open capillary () and in the packed capillary ().  The 

red lines are the linear least-squares fit for each of the two data sets.  

  

D = 6.11*10
-8

cm
2
/s

 
 

D = 2.88*10
-7

cm
2
/s

 
 



136 

 

 

 

 

Figure 4.10. Images of trypsin inhibitor after cIEF and pressure-driven remobilization.  

(a) Packed capillary after focusing at 500 V/cm and flowing for the times and distance 

indicated. (b) Open capillary with 100 μm i.d. after focusing at 200 V/cm and flowing for 

the times indicated, with the peak always within the same field of view. The intensity 

range of the fluorescence intensity was adjusted for each image to maximize contrast. 
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diffusion alone. The additional broadening is from eddy diffusion, which arises from 

velocity differences due to heterogeneities in packing. To express how much broadening 

is caused by eddy diffusion from the packing, the intensity profiles of each of these two 

images was fit to a Gaussian in Figure 4.11, and the difference in variance is attributable 

to eddy diffusion. Expressing this as the peak variance per length, which is the plate 

height, H, one gets H = 
2
/L = 640 nm.  This allows one to predict how much broadening 

the material would impart for any length.  For the open capillary, by contrast, pressure-

driven flow with the same linear velocity as that for the packed capillary would 

completely disperse the peak. To illustrate this, a very small pressure was imposed from 

uneven reservoir heights, and a series of images is shown in Figure 4.10(b), after 

focusing at 200 V/cm.  The protein in the center of the capillary has bulged forward by 

hundreds of micrometers beyond the protein on the sides. This distortion is due to the 

Poiselle flow profile. For the open capillary, even at this slow velocity, the band is 

broadened more in 1 mm than it is for 1.5 cm in the packed capillary at the higher 

velocity.  This illustrates why the electric field is essential when using pressure-driven 

remobilization with open capillaries, but not for packed capillaries. There is no parabolic 

profile from remobilization because the packing makes the profile even across the 

capillary diameter. 

The remobilization of all three proteins by pressure-driven flow, after separation 

by cIEF, is shown in Figure 4.12, where the fluorescence is plotted vs. time at a fixed 

position in the capillary, which is 93% of the capillary length. The peak separation 

between myoglobin and trypsin inhibitor (pH=1.6) is 55 s, and the standard deviation of 
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Figure 4.11. Intensity profiles for the images of Figure 4.10(a).  The profile for trypsin 

inhibitor after focusing and after diffusion for 237 s (O), and its Gaussian fit (), and the 

profile for the same protein after it spent the same amount of time, 237 s, being 

remobilized by pressurized flow (O) and its Gaussian fit ().   The data show that the 

contribution from remobilization to the broadening is (125
2
-75

2
)
1/2 

= 100 m.  Given the 

1.56 cm distance of remobilization, H = (100 m)
2
/15600 m = 0.64 m. 
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Figure 4.12. Fluorescence measured at a point near the end of the capillary vs. time 

during pressure-driven remobilization of the three-protein mixture from the packed 

capillary, after focusing at 500 V/cm. The red dotted line is a Gaussian fit to the trypsin 

inhibitor peak, revealing a standard deviation of 0.9 s., which corresponds to 0.1 pH units.   
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the trypsin peak is 0.9 s, therefore the resolution is 0.1 pH units. Thus, without an electric 

field to maintain focusing of the proteins, pressurized remobilization in the packed 

capillary reduces the resolution by the factor of 3 in this case.  Further research to reduce 

eddy diffusion, which is possible with smaller particles,
32

 as well as faster flow, could 

increase resolution further. Nonetheless, the resolution is comparable to that for open 

capillaries of comparable length and applied voltage when using an electric field during 

pressure driven remobilization.
101

 

 

4.3.6 Negligible reversible and irreversible of protein adsorption during 

remobilization 

The issue of protein adsorption is important for enabling packed capillaries to be 

used.  If reversible adsorption occurred, the protein bands would shift in position during 

remobilization due to protein chromatography.  This possibility was tested by injecting a 

mixture of three proteins with different fluorescent labels to distinguish them.  Pressure 

was then applied to the capillary in the absence of electric field, and when the proteins 

approached the end of the capillary, the pressure was released, and each of the three 

proteins was successively imaged using the respective optical filter for its dye label.  

These were not the same three proteins used in the cIEF, instead, three proteins of very 

different sizes were used to maximize the possibility of differences in adsorptivity: 

cytochrome C (12 kDa), trypsin inhibitor (20 kDa), and -galactosidase (116 kDa).  The 

results are shown in Figure 4.13.  Images for each of the proteins are shown in Figure  
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Figure 4.13. (a) Images of proteins in the capillary, each with a different color label, are 

shown after they were injected together and then moved by pressurized flow through a 

distance of 1.3 cm from the beginning of the capillary.  The dotted line shows that the 

centers of the zones are at the same position.  The capillary diameter of 100 m i.d. 

serves to show the size scale. (b) Line profiles along the capillary axis to show the 

intensity vs. position from the images of part (a).  

(a) 

(b) 
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4.13(a) and plots of fluorescence intensity vs. peak position for three proteins are 

displayed in Figure 4.13(b).  The images show that the peaks for the three proteins are 

aligned to within 10 m after the migrating 1.3 cm, which means they shift by no more 

than 0.1%.  For a pH gradient extending from 3 to 10 units over 2 cm, this precision is 

within 0.01 pH units. The asymmetric band shapes are attributed to injection artifacts 

because the peaks stayed the same shape over the distance of the capillary. This is 

corroborated by Figure 4.10(a), which did not indicate a change in peak shape upon 

remobilization for the trypsin inhibitor. These results indicate that adsorption is not 

sufficient to significantly affect the peak positions. Irreversible adsorption is also 

insignificant.  The images in Figure 4.4, illustrate that there is no noticeable background 

increase after the peaks have focused. The low adsorptivity is attributed to the 

polyacrylamide brush layer used as the stationary phase.
42, 43, 51

 These results indicate that 

the packing does not introduce deleterious effects from reversible or irreversible 

adsorption. 

 

4.4 Conclusions 

The results demonstrate that packed capillaries enable field-free remobilization 

with a resolution of 0.1 pH units.  The focusing is rapid, the packing makes the capillaries 

simpler to use by blocking unwanted hydrodynamic flow, and they have less of a 

problem from heating compared to open capillaries. For whole-capillary imaging 

applications, where remobilization is not used, higher resolution could be achieved 
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relative to open capillaries because the packing enables the use of higher electric fields.  

These results indicate that it is worthwhile to investigate the use of an immobilized pH 

gradient in the packed capillaries to stabilize the gradient and facilitate direct coupling to 

mass spectrometry. 
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CHAPTER 5 ISOELECTRIC FOCUSING IN CHANNELS PACKED 

WITH SILICA PARTICLES ON PLANAR SUBSTRATES 

5.1 Introduction 

Isoelectric focusing (IEF) has become a routine separation technique in proteomic 

research. Usually IEF is performed in polyacrylamide gel strips that incorporate 

immobilized pH gradient. It features high-resolution separations, a stable and reliable 

gradient and high reproducibility. It can be coupled with slab gel electrophoresis to 

perform 2D-separations of proteins. However, IEF in gel strips typically requires 

overnight to load the sample and another 5-15 hr to finish the separation. The detection of 

separated proteins requires staining the proteins overnight. Coupling IEF with mass 

spectrometry is a labor intensive process. The separated and stained proteins in the gel 

need to be cut and digested. The peptides obtained after digestion need to be extracted 

before mass spectrometric analysis. All these time-consuming manipulations and 

procedures greatly reduce the throughput of IEF.  

Capillary isoelectric focusing (cIEF) is an alternative way to perform focusing. 

Hjertén first accomplished IEF in narrow tubes.
106

 The feasibility of doing capillary 

electrophoresis in fused silica capillaries was then demonstrated by Jorgenson and 

Lukacs.
107

 Hjertén then performed the first cIEF experiments.
108

 The pH gradient in cIEF 

is established by mobile carrier ampholytes. High electric field can be applied to quickly 

to set up pH gradient across the capillary due to the fast heat dissipation of the fused 

silica capillary. cIEF can be performed on regular capillary electrophoresis instruments. 
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The detection by mass spectrometry requires remobilization of the focused proteins. 

Compared to IEF in gel strips, cIEF offers fast separation, easy automation and online 

detection. However, cIEF often suffers from the distortion and compression of the pH 

gradient leading to poor reproducibility.
22, 102

 In addition, chemical remobilization of the 

focused proteins often changes the relative position of the proteins because the movement 

of the cations or anions of the mobilizers into the capillaries changes the pH gradient.
25

 

Hydrodynamic remobilization of the separated proteins gives band broadening due to the 

parabolic flow in open tubular capillaries. These problems impair the resolution of cIEF. 

We proposed using capillaries packed with silica particles to perform cIEF in 

order to combine the advantages of IEF in gel strips and cIEF. We demonstrated the 

feasibility of IEF in densely packed materials and fast remobilization by pressure in 

Chapter 4. Thus the capillaries packed with silica particles potentially could be used to 

immobilize the pH gradient because the silica packing provides the substrate for 

Immobilines to bind. The pressure remobilization allows coupling cIEF in packed 

capillaries with mass spectrometry for on-line proteomics, or coupling with other 

separation techniques such as reverse-phase liquid chromatography for 2D-separations. 

Pressure remobilization without holding the electric field on the capillaries cannot 

completely eliminate peak broadening during remobilization, as presented in Chapter 4. 

The multiple flow paths caused by the random silica packing contribute significantly to 

the band broadening during the remobilization. As mentioned in Chapter 4, well-packed 

capillaries minimizes broadening, and the resolution of IEF achieved in silica packed 

capillaries decreased from 0.03 pH unit to 0.1 pH unit after remobilization.  
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Whole column imaging allows direct detection during IEF, thus remobilization 

can be avoided. Whole column imaging is usually applied with isoelectric focusing in 

very short capillaries or in microfluidic channels.
22, 23, 88, 105

 Microfluidic chips have been 

explored as analytical devices due to their potential in enhanced sensitivity, faster 

separations, and smaller sample volume as well as low cost. IEF has been reported to be 

feasible on microchips in the literature.
20, 22, 99, 109-111

 On-chip IEF retains the advantages 

of fast separation and similar resolution compared to regular cIEF. However, coupling 

microchip IEF with mass spectrometry requires special design and fabrication of 

microfluidic devices. Wen et al. reported coupling microchip IEF with electrospray via 

specially-designed electrospray interface.
99, 112

 The bigger concern for on-line microchip 

IEF-MS is that remobilization of focused proteins is still required. This will introduce the 

similar problems in regular cIEF including band broadening and change in relative 

positions of the proteins. 

In order to avoid remobilization and easy coupling with mass spectrometry after 

protein separation by IEF, we propose to perform IEF followed by matrix assisted laser 

desorption/ionization (MALDI) in microchannels which are packed with silica particles. 

Our group recently obtained successful MALDI of proteins in the silica colloidal crystal 

coated on silicon wafer, which showed suppressed low mass background, suppressed 

sinapinic acid adducts and higher resolution.
113

 By applying matrix solution on a packed 

channel after IEF, separated proteins in the silica packing can likely be detected with 

MALDI by scanning the whole channel with laser. As we presented in Chapter 4, 

proteins exhibit slow diffusion in silica packing with diffusion coefficients of the 
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magnitude of 10
-8

 cm
2
/s. By using silica particles with smaller diameter, the diffusion of 

proteins can be further slowed down after electric field is removed. The slow diffusion of 

proteins in silica packing will allow us to apply the matrix to the packing and then dry the 

packing before the separated proteins lose the resolution. 

Another advantage of using on-chip channels packed with silica particles is the 

easy access to the packing material. With the channels open, chemical modification on 

the silica packing would be more uniform compared to the silica packing in the 

capillaries. This could allow better derivatization of surface silanol groups with silanes, 

reducing the pH gradient drift due to the residual electroosmotic flow (EOF). The silica 

packing can also serve as substrate to bind Immobilines to generate immobilized pH 

gradient. With the silica packing in an open channel, the surface modification to bind 

Immobilines could be easier than to generate pH gradient in silica packed capillaries. 

In this chapter the feasibility of IEF in the channels that are packed with silica 

particles is studied. Mobile carrier ampholytes are used to establish pH gradient across 

the packed channels. Proteins are labeled with fluorescent dye to monitor the IEF process. 

A simple way to make channels on glass slides packed with silica particles is addressed. 

The design of the assembly for IEF in the packed channels on planar substrate is 

discussed. The process of protein IEF in the packed channels is studied and compared 

with IEF in silica packed capillaries. 
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5.2 Experimental Section 

5.2.1 Chemicals and materials 

Silanes including (chloromethyl)phenylethyl-trichlorosilane (BC-triCl), 

methyltrichlorosilane, 99% (C1), butyldimethylchlorosilane, trimethylchlorosilane were 

obtained from Gelest, Inc. (Morrisville, PA). Acrylamide (Sigma-Aldrich, St. Louis, MO), 

CuCl, 99.999% (Alfa Aesar, Ward Hill, MA), CuCl2, 99% (Acros Organics, Morris 

Plains, NJ), 40% carrier ampholytes pH 3-10 (Sigma-Aldrich, St. Louis, MO), urea 

(Mallinckrodt Baker, Phillipsburg, NJ), CHAPS (Bio-Rad Laboratories, Hercules, CA) 

and dithiothreitol (Bio-Rad Laboratories, Hercules, CA) were used as received without 

further purification. Tris (2-dimethylaminoethyl) amine was synthesized according to a 

procedure published before.
51

 Silica particles of 900 nm and 680 nm were purchased 

from Fiber Optic Center, Inc. (New Bedford, MA). Poly(dimethylsiloxane) was made by 

uniformly mixing Sylgard 184 silicon elastomer base and curing agent (Dow Corning, 

Midland, MI)  at a 10:1 (w/w) ratio followed by degassing in a vacuum desiccator for 1 

hr. Curing process usually takes 2 days at room temperature. pI standards including 

trypsin inhibitor (pI 4.6) and carbonic anhydrase II (pI 5.9) (both from Sigma-Aldrich, St. 

Louis, MO) were labeled with Chromeo P540 dye (Active Motif, Carlsbad, CA) For 

fluorescence imaging. Then the labeled proteins were purified with Bio-gel P-100 gel 

(Bio-Rad Laboratories, Hercules, CA) to remove unreacted dye. 
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5.2.2 Fabrication of silica packed channels on glass 

Before making the channels on the glass slides, two microscope slides were 

modified with 4% butyldimethylchlorosilane (C4) in dried toluene at reflux temperature 

overnight to make a monolayer of C4. The reaction was protected under nitrogen 

environment. After the reaction, the slides were thoroughly rinsed with toluene. The 

residual silanol groups exposed from the defects in the C4 monolayer were endcapped in 

4% trimethylchlorosilane in dried toluene at reflux temperature for 4 hr. The endcapping 

reaction was protected with nitrogen as well. After surface treatment, both slides were 

hydrophobic. 

Channels were chemically etched on a C4 coated 3 inch × 1 inch microscope slide 

using glass etching cream (Armour Products, Hawthorne, New Jersey). For this, the 

whole microscope slide was covered by adhesive stencil (Armour Products, Hawthorne, 

New Jersey), and then a 1 mm wide strip was cut off the stencil, as illustrated in Figure 

5.1. Etching cream was applied on the exposed glass. After 30 min to 60 min, the etching 

cream was rinsed off and a hydrophilic shallow channel was made. The glass surface that 

was protected by the stencil remained hydrophobic after the stencil was peeled off. This 

method also allows multiple channels on one glass slides. Simply cutting off multiple 

strips from the stencil followed by etching can result in a multi-channel chip. 

The glass slide with a channel was assembled with the facing slide being a C4 

coated slide (no channel) to make a sandwich type of assembly. The assembly was held 

together by clamps. A 40% slurry of silica particles was loaded from the bottom of the  



150 

 

 

 

Figure 5.1. The procedure of etching channel(s) on a C4 coated microscope slide 
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assembly by wicking. Since the wall of the channel was hydrophilic, the aqueous slurry 

can wick into the channel by capillary force. Once the channel was filled with slurry, the 

assembly was left vertically on a beaker. After 2 days, silica particles precipitated on the 

bottom of the channel to form a dense silica packing. Figure 5.2 displayed a sandwich 

assembly that had multi-channels on a slide after silica packing formed by vertical 

deposition. The length of the packing in each channel was dependent on the concentration 

of silica particles in the initial slurry. Typically a 40% slurry precipitated and eventually 

formed a 2-cm long packing. Once the silica packing formed and dried in the air, the face 

plate was removed for chemical modification of the packing.  

 

5.2.3 Chemical modification of the channels packed with silica particles 

The channels packed with silica particles must be coated to prevent protein 

adsorption on the silica packing and suppress electroosmotic flow (EOF) before being 

used in IEF. We modified the packing with polyacrylamide using surface-initiated atom 

transfer radical polymerization (ATRP) to minimize protein adsorption and EOF. The 

procedure to chemically modify the silica packing was similar to the procedures 

described in former chapters. A mixture of the initiator, (chloromethyl)phenylethyl-

trichlorosilane (BC-triCl), and trichloromethylsilane (C1) at a volume ratio of 20:1 was 

dissolved in dried toluene. The concentration of BC-triCl was always kept at 2% in the 

solutions. Vacuum-dried chips with packed channel(s) were immediately immersed in the 

silane solution. The reaction was performed at room temperature for 3 hr and protected  
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Figure 5.2. Silica packings formed on the bottom of the channels by vertical deposition 
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by nitrogen atmosphere.  After reaction, the slides were rinsed by dried toluene and then 

heated in an oven at 120 °C to facilitate the formation of siloxane bonds among 

trichlorosilanes. 

A published procedure for surface-initiated ATRP at room temperature was 

followed to coat the slides or silica nanoparticles with polyacrylamide.
51

 In brief, 99 mg 

(1000 µmol) CuCl, 13.4 mg (100 µmol) and 340 µL (1200 µmol) tris (2-

dimethylaminoethyl) amine (Me6TREN) were dissolved in 40 mL of 3 M acrylamide in 

dimethyl formamide under argon environment. Then the mixture was transferred to a de-

oxygened Schlenk flask containing slides with channels pre-coated with initiators to 

initiate the polymerization. The polymerization was performed for 4 hr. After reaction the 

Schlenk flask was opened and the polymerization was quenched once CuCl was oxidized. 

The packed channels coated with polyacrylamide were rinsed with dimethyl formamide 

and then water to remove unreacted monomer and catalyst. Once the on-chip channels 

were dried in the vacuum desiccator, they were ready to use. 

 

5.2.4 Isoelectric focusing in the channels packed with silica packing 

After the protein sample was loaded in the channel, the channel must be covered 

to prevent sample drying during IEF. We tested two different ways to cover the channels. 

Commercial IEF gel strips are covered by mineral oil to prevent drying during IEF, and 

we incorporated this idea to our on-chip IEF. Since the mineral oil does not have 

fluorescence, it will not interfere with fluorescence detection. An assembly for covering 
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channels with mineral oil was designed, and is shown in Figure 5.3(a). Once the channel 

was loaded with protein sample, a PDMS frame was put on the glass slide. The frame 

was held tightly against the slide by putting another glass slide on top of the frame and 

securing the assembly with clamps. Finally the space between the chip and the cover 

slide was filled with mineral oil. 

We also explored use of a PDMS sheet to cover the channels. The channel was 

simply covered by a PDMS sheet, and the seal was secured by putting another glass slide 

on top of the PDMS sheet and holding the assembly with clamps.  

A pair of reservoirs was made with PDMS to hold the chip assembly during IEF, 

as shown in the photograph in Figure 5.3(b). The reservoirs were filled with catholyte 

and anolyte before applying electric field. A pair of platinum electrodes was inserted in 

each reservoir and connected to a high voltage power supply to apply electric field. 

For IEF on planar substrate, 1 µL mixture of 0.02 mg/mL trypsin inhibitor, 0.04 

mg/mL carbonic anhydrase II both of which were labeled with Chromeo P540, 4% carrier 

ampholytes pH 3-10, 8 M urea, 2% CHAPS and 50 mM dithiothreitol was loaded into the 

channels. Care is needed to avoid touching the silica packing by the pipette tip.  The 

catholyte reservoir was filled with 20 mM NaOH and the anolyte reservoir was filled 

with 20 mM H3PO4. The electric field was supplied by a high-voltage power supply 

(―10A→25A‖ Series, Ultravolt, Ronkonkoma, NY), and controlled by LabView.  

(CAUTION, care must be taken to avoid touching the electrodes while the voltage is 

applied.)  An inverted optical microscope equipped with a mercury lamp (Eclipse Ti-S, 



155 

 

 

(a) 

                 

 

 

Figure 5.3. (a) The assembly for on-chip channels covered by mineral oil, (b) The 

experimental setup for IEF in the silica packed channel on a planar substrate. The whole 

setup was placed on the stage of an inverted fluorescence microscope for detection. 

 

(b) 
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Nikon Instruments Inc., Melville, NY) and a CCD camera (ProEM 512, Princeton 

Instruments, Trenton, NJ) was used for fluorescence detection. Fluorescence of labeled 

proteins was excited and then filtered using a QMAX-Yellow filter cube (Omega Optical, 

Brattleboro, VT). The images were collected through a 2X objective (CFI Plan Apo 2X, 

Nikon Instruments Inc., Melville, NY) and Winview software (Princeton Instruments, 

Trenton, NJ) was used for data acquisition. 

 

5.3 Results and Discussion 

5.3.1 Silica packings in the channels on glass slides 

As described in 5.2.2, a cover slide modified with C4 was pressed against the on-

chip channel(s) to form a closed channel, similar to a narrow tube. Since the C4-coated 

cover slide was hydrophobic, the hydrophilic silica packing did not tend to stick on the 

cover slide. Removing the cover slide did not bring detectable damage to the silica 

packing. The silica packing adhered inside the channel and it would not fall out of the 

channel by facing the channel downward. 

The aqueous silica slurry was wicked into the on-chip channels by capillary force 

due to the hydrophilicity of the channel walls. Alkylsilanes with various lengths of 

carbon chains were studied to coat the cover slides for the purpose of avoiding silica 

packing sticking on the cover slides. Besides C4, trimethylchlorosilane and 

octadecyldimethylchlorosilane were used to form monolayers on the cover slides, 

respectively. Cover slides coated by the monolayer of trimethylchlorosilane were not 
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hydrophobic enough: after the silica slurry was wicked into the closed channel, the slurry 

gradually permeated into the space between the channel chip and the cover slide during 

the vertical deposition. This leads to very short silica packing in the channels or even no 

packing. Modification with octadecyldimethylchlorosilane made the cover slide very 

hydrophobic with a static contact angle of water at around 100º. The closed channel 

formed by pressing the cover slide on the channel could not wick in silica slurry. The C4 

coated cover slide thus is the optimal, providing enough hydrophobicity to prevent slurry 

from permeation into the side space and avoiding silica packing sticking to the cover 

plate. At the same time, C4 monolayer was not too hydrophobic to stop slurry from 

wicking into the channels. 

The silica packing in the channel was imaged by SEM after the cover slide was 

removed. The SEM images of the top of 900 nm silica packing are displayed in Figure 

5.4. The silica particles exhibit an ordered packing which was composed of domains of 

(111) packing. From Figure 5.4(a), it is evident that the silica packing exhibited 

crystallinity with (111) domains of various sizes. Overall the top of the packing was flat, 

which could allow better sealing of the channels with PDMS sheet during IEF process. 

Defects still existed in the crystal plane of the top layer of the silica packing. A magnified 

view of a region highlighted with a box in Figure 5.4(a) was displayed in Figure 5.4(b) 

to show the size of the defects. The size of the defects in the crystal plane was smaller 

than the area of 10 particles, as highlighted with the circles in Figure 5.4(b). Most of the 

defects were located on the domain boundaries. These defects could be due to the defects 

in the C4 monolayer on the cover plate. The regions that had defects in C4 monolayer 
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Figure 5.4. SEM images of the packing of 900 nm silica particles in a channel formed by 

vertical deposition. (a) Lower magnification to show the overall crystallinity of the 

packing and the domain boundaries. (b) A zoom-in view of the region highlighted with a 

square frame in (a) to show the size of the defects in the crystal plane. 
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were less hydrophobic than the region fully covered by C4 monolayer. These regions 

would have affinity to silica packing. Once the cover slide was removed from the channel, 

silica particles could stick to those defects and got peeled off from the top layer of the 

silica packing, leaving ―dents‖ on the crystal plane of the top layer. Despite the small 

defects existed on the top layer of the crystal, it would not be a problem since the silica 

packing under the top layer was untouched.  Alternatively, it is possible that these defects 

are a consequence of how the colloidal crystal is formed in these channels. 

 

5.3.2 The influence of etching time on the silica packing 

To assess the packing quality in the silica packing, slides which had packed 

channels were snapped in half to allow access to the cross section. SEM images from a 

cross-sectional view of channels packed with 680 nm particles were exhibited in Figure 

5.5. It is evident that the silica packing was compact and dense all the way from the top to 

the bottom of the packing, but it is not crystalline. 

The cross sectional images also allows the study of channel depth. The cross 

sectional images of the channels which were etched for 30, 45 and 60 min, respectively, 

were shown in Figure 5.5. The depth of the channel was equivalent to the thickness of 

the silica packing inside, since the packing was formed in situ. The depth of the channels 

was 15 µm, 21 µm and 28 µm for etching time of 30 min, 45 min and 60 min, 

respectively, indicating a linear relationship between the etching time and the channel 

depth. Longer etching time increased the channel depth, however, the silica packing  
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Figure 5.5. SEM images of cross-sectional views of channels packed with 680 nm silica 

particles. These channels were etched for (a) 30 min, (b) 45 min and (c) 60 min, 

respectively. 
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formed in the channels tended to crack after chemical modification. Therefore, 30 min is 

determined to be the optimal etching time in terms of fast etching and stability of the 

silica packing in the channels. 

The bottoms of the channels were rough after etching, as shown in Figure 5.5. 

The bottom of the channels looked opaque after etching which also indicated rough walls 

of channels. The surface roughness after etching was partially dependent on the crystal 

structure of the material. Quartz slide provided a flatter surface of the channel after 

etching, and the bottom of the channel was transparent. A flat surface of the channel can 

also be obtained by more accurate etching method such as electron etching or UV etching. 

Although the etching method used in this chapter produced opaque surface of the channel, 

the rough wall of the channel did not interfere with fluorescence detection. The roughness 

of the channel is likely what is preventing formation of an ordered silica colloidal crystal. 

 

5.3.3 Isoelectric focusing in packed channels 

IEF was performed using a single protein to study the feasibility of IEF in the 

channels packed with silica particles. Raw images, showing how trypsin inhibitor focused 

after first filling the entire channel then finally giving narrow bands in a packed channel, 

are displayed in Figure 5.6 and Figure 5.7. Typically separations by IEF were completed 

in 15 min in the capillaries packed with 900 nm particles at an electrical field of 200 

V/cm, as represented in Chapter 4. IEF in the channels packed with 680 nm particles 

was much slower at the same electric field. Figure 5.6 showed that two bands of trypsin 
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inhibitor moving from both sides of the channel were still 13 mm away from each other 

after 12 min at 200 V/cm. IEF was continued at 400 V/cm and the focusing of trypsin 

inhibitor finished in 20 more minutes. One of the reasons for slower IEF in the channel 

was due to a packing of 680 nm particles instead of 900 nm particles which were used in 

Chapter 4. The packing slows down the speed of focusing, and smaller particle size 

increases the flow resistance. 

Smaller particle size is not the only reason for slow focusing. IEF was performed 

in capillaries packed with 680 nm particles. Focusing completed in less than 15 min at 

200 V/cm, slightly slower than the focusing speed in the capillaries packed with 900 nm 

particles. The total sample volume in the packing also affects the focusing speed.  

Therefore, total interstitial volume of a packed capillary and a packed channel is 

compared in Table 5.1, assuming the porosities of the packings are identical in a 

capillary and a channel. From Table 5.1, the interstitial volume in a packed channel is 2-

fold more than in a packed capillary. Since the protein sample was loaded to fill the 

interstitial volume before IEF, the focusing speed in packed channels should be slower 

due to the need for dissipating heat from a larger sample volume. 

Although focusing speed in the channels was slower, it is not a detriment to 

practical applications. It is still much faster than gel IEF, where 15 hour runs are typical. 

IEF in the packed channels can be speed up using higher electric field or shorter channel 

length. With more precise etching techniques, narrower channels with much smaller 

volume can be made, thus reducing focusing time. 
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Figure 5.6. Raw images of isoelectric focusing of trypsin inhibitor in a channel packed 

with 680 nm silica particles. The channel was 1-mm wide, 1.9-cm long and covered by 

mineral oil. The silica packing was coated with polyacrylamide by surface initiated atom 

transfer polymerization. Snapshots at different positions of the channel were compiled to 

show the cIEF process. Carrier ampholytes pH 3-10 was used to set up the pH gradient. 

IEF was performed at 200 V/cm using 20 mM H3PO4 as anolyte and 20 mM NaOH as 

catholyte. All of the images are on the same size scale. 
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Figure 5.7. Raw images of isoelectric focusing of trypsin inhibitor in a channel packed 

with 680 nm silica particles. The channel was 1-mm wide, 1.9-cm long and covered by 

mineral oil. The silica packing was coated with polyacrylamide by surface initiated atom 

transfer polymerization. Snapshots at different positions of the channel were compiled to 

show the cIEF process. Carrier ampholytes pH 3-10 was used to set up pH gradient. IEF 

was continued at 400 V/cm after 12.5 min of IEF at 200 V/cm. 20m M H3PO4 and 20 

mM NaOH was used as anolyte and catholyte, respectively. All of the images are on the 

same size scale. 

  



165 

 

 

 

Table 5.1. A comparison of the interstitial volume in a packed capillary and a packed 

channel, both of which are packed with 680 nm silica particles. 

 Capillary Channel 

Dimension 

Radius = 50 µm 

Length = 2 cm 

Width = 1000 µm 

Depth = 16 µm 

Length = 2 cm 

Total volume 0.157 mL 0.32 mL 

Porosity 34.3% 34.3% 

Interstitial volume 0.054 mL 0.11 mL 
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5.3.4 Resolution of isoelectric focusing in packed channels 

Separation of trypsin inhibitor and carbonic anhydrase II was achieved by IEF in 

a channel packed with 680 nm particles. Figure 5.8(a) shows fluorescence images of IEF 

for a mixture of carbonic anhydrase II (pI = 5.9) and trypsin inhibitor (pI = 4.6), both 

labeled with Chromeo P540, in a 2-cm long packed channel. The focusing was performed 

at 400 V/cm until there was no further improvement in resolution, which took about 20 

minutes. The images show that the electric field is not uniform across the channel, which 

is probably due to the irregularity of the channel wall, which would prevent tight packing 

of the particles against the wall. We had studied this effect in detail for capillaries, where 

we eliminated the problem.  We need to develop a procedure for eliminating wall effects 

in channels.  Nonetheless, much can be learned from the present channels.    

The pI values indicated in Figure 5.8(a) were the values before labeling. 

Chromeo P540 is a fluorescent dye that will not change the total charge of the proteins. 

Thus, labeling with Chromeo P540 will not change the pI value of proteins. It is evident 

that both trypsin inhibitor and carbonic anhydrase II focused into sharp bands, indicating 

a high resolution obtained by IEF in the channels. Note that the focused carbonic 

anhydrase II exhibited curvy shape near the edges of the channel. This might be due to 

the shape of channel. The cross-sectional view of the etched channels was a rectangle, 

similar to the shape of regular microfluidic channels. Curvy shape of focused bands was 

also observed for IEF in open microfluidic channels.
22

 The distance between two proteins 

is 3.3 mm, correspondent to a pH gradient of 0.39 pH unit/mm. In order to calculate the 

resolution, the main peak of carbonic anhydrase II was fit to Gaussian, as illustrated in 



167 

 

 

 

400 800 1200 1600 2000

10000

12000

14000

16000

18000

20000

22000

24000

F
lu

o
re

s
c
e

n
c
e

 i
n

te
n

s
it
y

X (m)

  

Figure 5.8. (a) Raw images for IEF of two proteins in a channel packed with 680 nm 

silica particles. The channel was 2-cm long and 1-mm wide. IEF was performed at 400 

V/cm using carrier ampholytes pH 3-10. (b) Electropherogram of the trypsin inhibitor 

along the center of the channel in (a): experimental (O) and Gaussian fit () 

Carbonic anhydrase II 

σ = 15 µm 

(b) 
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Figure 5.8(b). The resolution was calculated using the variance of carbonic anhydrase II 

peak which is 15 m, and the pH gradient of 0.39 pH unit/mm, shows that the resolution 

is 0.023 pH unit. This value is comparable to the resolution obtained in packed capillaries 

which is 0.03 pH unit before remobilization. The benefit of performing IEF on planar 

substrate is the potential of coupling IEF with MALDI, which could avoid remobilization 

of focused proteins. Therefore the resolution offered by IEF in packed channels would be 

higher than IEF in packed capillaries after remobilization which is 0.1 pH unit. The 

resolution in packed channels can be even higher if higher electric fields are used to 

perform the focusing. 

The packed channels have less sample volume by virtue of the lower interstitial 

volume in the packing compared to an open channel. The free volume in the channels 

packed with 680 nm particles is 34% of the volume of an empty channel. This reduces 

the amount of protein load by a factor of 0.34. The reduced sample volume should not be 

a big concern of sensitivity considering doing MALDI on focused proteins. The carbonic 

anhydrase II loaded to a 2-cm channel focused into a band with 4σ of 60 µm as illustrated 

in Figure 5.8(b). This corresponds to a 333-fold more concentrated protein zone. With 

initial concentration of carbonic anhydrase II to be 0.02mg/mL, the focused protein zone 

would have a concentration of more than 6.7 mg/mL. Our group has achieved MALDI 

detection of proteins in silica colloidal crystals with concentration of 0.1 mg/mL. In 

combination with other methods of pre-concentration, the pre-concentration effect 

provided by IEF allows potential application in biomarker discovery where the initial 

concentration of biomarkers is usually at ng/mL level. 
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5.3.5 The influence of electric field on the resolution 

To test whether resolution continues to improve with increasing electric fields for 

the packed capillary, trypsin inhibitor was focused at 400 V/cm, imaged, and then the 

electric field was increased stepwise by 200 V/cm and imaged after focusing for each 

field.  Figure 5.9 shows how the resolution was changed with electric field, where the 

peak profile as a function of electric field is plotted for electric fields of 400, 1000 and 

1800 V/cm.  The asymmetric peak at 400 V/cm becomes two peaks at 1000 V/cm with 

the main peak showing a shoulder. This behavior suggested that the resolution of IEF can 

be improved by raising electric field. However, the trypsin peak broadened with electric 

field continually increasing, indicating an impaired resolution with electric field higher 

than 1000 V/cm. 

The trypsin inhibitor peak at various electric fields was fit to Gaussian, and the 

peak width was plotted as a function of electric field in Figure 5.10. It clearly shows that 

initially the resolution increases with the electric field as expected. However, the focused 

band was broadened under electric field higher than 1000 V/cm, where the broadening 

was continuously increasing with electric field. The broadening may be attributed to the 

heat generated under high electric fields. Continuously increasing resolution was 

observed for IEF in packed capillaries even when the electric field is higher than 

1000V/cm. The difference in the response of resolution to electric fields in packed 

channels vs. packed capillaries might be attributed to the lower thermal conductivity of 

materials which cover the channels during IEF. Channels were covered by either mineral 

oil or a PDMS sheet. Their thermal conductivities are 0.138 Wm
-1

K
-1

 and 0.15 Wm
-1

K
-1

, 
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Figure 5.9. Plot of the peak intensity vs. position for trypsin inhibitor at three different 

electric fields. 



171 

 

 

  

400 600 800 1000 1200 1400 1600 1800

35

40

45

50

55

60


 (

m

)

E (V/cm)

 

Figure 5.10. Peak width, σ, of focused trypsin inhibitor as a function of electric field. 
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respectively. While the proteins and carrier ampholytes in packed capillaries were 

surrounded by fused silica capillary wall which has a thermal conductivity of 1.38 Wm
-

1
K

-1
. Therefore, the heat dissipation in the channels was not as efficient as in capillaries.  

Nonetheless, these fields that are effective are still an order of magnitude higher than the 

fields used with IEF gel strips. 

Figure 5.11 plotted the peak width of trypsin inhibitor vs. the square root of 

electric field from 400 V/cm to 1000 V/cm before the heat impaired the resolution. An 

expected linear relationship was observed. The linear fit of the data points exhibited an 

intercept very close to zero, suggesting that no additional impurities were overlapped by 

the main peak of the trypsin inhibitor.  

Overall the resolution of IEF in packed channels can be improved by using high 

electric fields up to 1000 V/cm. Further increasing the electric field will cause peak 

broadening due to insufficient heat dissipation. From Figure 5.10, the peak width of 

trypsin inhibitor was reduced by 62% by increasing the electric field from 400 V/cm to 

1000 V/cm, correspondent to 62% higher resolution. 

 

5.3.6 Diffusion of proteins in packed channels 

The silica packing obstructs protein diffusion, and the packing of smaller particles 

is expected to obstruct the diffusion more efficiently. In 4.3.5, the diffusion of trypsin 

inhibitor in the packing of 900 nm particles were measured and the diffusion coefficient, 

D, was measured to be 6.1(0.2) × 10
-8

 cm
2
/s. The channels on the planar glass substrate 
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Figure 5.11. Peak width, σ, of focused trypsin inhibitor as a function of electric field 

from 400 V/cm to 1000 V/cm: experimental (O) and linear fit () at four different 

electric fields.  
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were packed with 680 nm silica particles, and the diffusion coefficient of trypsin inhibitor 

in the channel was measured by imaging the focused peak as a function of time after the 

electric field was removed.  Figure 5.12 shows a plot of peak variance vs. time for 

trypsin inhibitor.  The slope of such a plot is 2D, and the data reveal a D = 3.6 (0.1)×10
-

8
 cm

2
/s for the channels packed with 680 nm particles. The consequence of the smaller 

diffusion coefficient for the packing of smaller particle size was expected. This behavior 

indicates by using smaller particles the broadening of focused protein bands can be 

further slow down. Since remobilization could be avoided if IEF in channels would be 

coupled with MALDI for detection, silica particles smaller than 680 nm can be used to 

pack the channels and further reduce the diffusion of proteins. The remobilization in the 

packings of particles smaller than 350 nm may give a sieving effect to change the relative 

positions between the separated the proteins. The packed channels with small particles 

could be advantageous for coupling with MALDI by reducing the diffusion of the 

separated proteins and allowing sufficient time to apply the matrix solution to the 

channels after IEF. 

 

5.4 Conclusions 

Channels packed with silica particles can be simply made by etching channels on 

glass slides and then packing silica particles in a sandwich type of assembly by vertical 

deposition. The silica packing formed in the channels exhibited surface crystallinity with 

domains of (111) packing. The packing in the channels is stable after being chemically 
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Figure 5.12. Plot of peak variance of focused trypsin inhibitor vs. time after the voltage 

is turned off in a channel packed with 680 nm silica particles.  The red line is the linear 

least-square fit. 

  

D = 3.6(0.1)×10
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modified with alkyltrichlorosilanes. 

IEF can be done in the channels packed with silica particles with a resolution of 

0.023 pH unit at 400V/cm. The focusing was typically completed in less than 30 min. 

Faster IEF can be performed by focusing at high electric fields. Increasing the electric 

field up to 1000 V/cm can improve the resolution of on-chip IEF. However, electric fields 

higher than 1000 V/cm should be avoided for the channels covered with mineral oil or 

PDMS sheet due to their low thermal conductivities. For the detections where 

remobilization is not required such as MALDI, diffusion of proteins can be slow down by 

packing the channels with smaller particles to allow sufficient time for manipulation 

before detection. 

Further work includes making packed channels on semi-conductive silicon wafers 

to allow application of MALDI after the proteins are separated by IEF. Packings of 500 

nm silica particles or even smaller particles will provide larger surface to volume ratio 

than the packings of 900 nm and 680 nm particles. Heat dissipation will be more efficient 

in the packings of smaller particles, allowing high electric fields for high resolution. 

Preparation of narrow and short channels for faster IEF will be explored by using precise 

etching techniques. The straighter channels should reduce wall effects. Since high electric 

fields can be applied on silica packing, it is also worth-while to explore the coupling of 

on-chip IEF with sieving separation to perform miniaturized 2D-separations to obtain 

high resolution as well as high throughput. 
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CHAPTER 6 ANALYSIS OF DEPROTONATED ACIDS WITH 

SILICON NANOPARTICLE ASSISTED LASER 

DESORPTION/IONIZATION MASS SPECTROMETRY 

6.1 Introduction 

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry has been 

widely used in daily sample assay and features easy sample preparation and high sample 

throughput. The application of MALDI, however, is limited to macromolecules (typically 

larger than 1kDa) such as biomolecules
114

 and synthetic polymers
115

 due to the low mass 

background peaks associated with organic matrices. In order to make MALDI applicable 

to small molecule analysis several approaches have been explored and developed in order 

to reduce this limiting low-mass background. Many of  these approaches incorporate the 

usage of inorganic materials as matrices, including graphite
116-119

, carbon nanotubes
120, 121

, 

silicon
122-124

, gold nanoparticles
125

 and many other inorganic particles such as Sn, SnO2, 

Zn, ZnO, W, WO3, TiO2, Al, Mn and Mo.
126

 Among these techniques 

desorption/ionization on porous silicon (DIOS) has been extensively studied for its 

enhanced signal-to-noise ratio, minimized background and reported excellent limits of 

detection.
127

 The success of DIOS lead to several other types of silicon morphologies 

being explored including silicon nanowires
128

 and silicon microparticles.
126

 

Nanostructured-initiator mass spectrometry (NIMS), a new matrix-free technique 

involves surface modification on DIOS chips, provides soft ionization and high 

sensitivity.
129, 130

 An alternative approach to DIOS, silicon nanoparticle assisted laser 
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desorption/ionization (SPALDI) is an ionization technique with high sensitivity, 

molecular selectivity and salt tolerance.
131

 Compared to DIOS and standard MALDI with 

organic matrices, SPALDI requires lower laser fluence and induces lower internal energy 

of the desorbed ions.
132, 133

 The modification of the commercially available silicon 

nanoparticles does not involve dealing with toxic hydrofluoric acid or electrochemical 

etching which is required in the preparation of DIOS and NIMS chips. In addition, 

SPALDI does not need any special instrumental setup. The mixture of the silicon 

nanoparticles and the analyte solutions can be simply spotted on a standard MALDI plate 

and analyzed in a regular MALDI setup. These characteristics make SPALDI a practical 

and convenient tool for the analysis of small molecules.  As shown in our previous work, 

SPALDI is especially efficient for compounds which can be easily pre-charged.
131, 132

 

This makes SPALDI also applicable to the analysis of acids in the negative ion mode. We 

have already shown the efficient ionization of dibutylphosphoric acid by SPALDI.
131

 In 

this chapter we further explore the application of SPALDI in the analysis of acids, 

especially fatty acids. The analysis of fatty acid composition in lipids is conventionally 

accomplished by gas chromatography (GC) after transforming the lipids to fatty acid 

methyl esters by transesterification.
134-136

 Additionally, the GC peaks of some unsaturated 

fatty acid components are not completely resolved.
134

 Analysis of fatty acids by MALDI 

does not require esterification or separation in advance.
134

 However, the analysis of small 

molecules by MALDI often suffers from the background peaks resulting from the organic 

matrices. SPALDI with minimal background interference is therefore promising for the 

analysis of fatty acids. In addition to the study of a series of commercial sulfonic acid and 
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fatty acid standards, the analysis of fatty acids in milk and in tick nymphs by SPALDI 

mass spectrometry is also demonstrated in this chapter. 

 

6.2 Experimental Section 

6.2.1 Chemicals and materials 

p-Toluenesulfonic acid monohydrate and 1-dodecanesulfonic acid sodium salt 

were purchased from Acros (Pittsburgh, PA). Dodecanoic acid (C12), myristic acid (C14) 

and palmitic acid (C16) were purchased from Sigma (St. Louis, MO). ()-Camphor-10-

sulfonic acid, heptadecanoic acid (C17), stearic acid (C18), nonadecanoic acid (C19), 

arachidic acid (C20) and behenic acid (C22) were purchased from Fluka (St. Louis, MO). 

All these acids and the solvents including methanol, ethanol, chloroform, and isopropanol 

(HPLC grade) were used without further purification. Silicon nanoparticles with a 

diameter of 30nm were purchased from Meliorum Technologies Inc. (Rochester, NY). 

(Heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethylchlorosilane (FC10) was purchased 

from Gelest Inc. (Morrisville, PA, USA) and used to silylate the silicon nanoparticles as 

described below. Whole milk (3 - 4% fat) was purchased from a local grocery store. Tick 

nymph samples were obtained from the tick rearing facility at Oklahoma State University. 

These tick nymphs were experimentally fed once in their life cycle with rabbit blood and 

collected after molting. They were kept at -80 
o
C until the experiment was carried out.  
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6.2.2 Preparation of silicon nanoparticles 

The modification process of the silicon nanopowder was discussed in detail in our 

previous work
131

, and is followed with some minor changes here. A set of optimized 

conditions to oxidize and silylate the silicon nanopowder for efficient laser 

desorption/ionization is as follows: 8 mg of silicon nanoparticles was hydrolyzed by 0.4 

mL 10% HNO3 for 30 min with sonication in a heated water bath. Then the powder was 

centrifuged, went through two cycles of washing by isopropanol and centrifugation to 

remove the HNO3 residue. Finally, the powder was dried in a vacuum concentrator 

(SpeedVac®Plus SC110A, Thermo Savant, Holbrook, NY, USA) under "low" heating 

for 2 hr. The dried powder was treated with 90 μL neat (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)dimethylchlorosilane (linear "FC10") for 30 minutes with sonication, and 

then dried in an oven at 90 
o
C for about 24 hr. An alternative simple solution preparation 

protocol for silicon nanoparticles was also developed and used for preparation for some 

of the material used in experiment; this solution procedure does not require placement of 

the material in an oven at a temperature that exceeds the flash point (autoignition point 

not known). For the solution preparation, 16 mg of silicon nanoparticles were hydrolyzed 

by 0.8 mL 10% HNO3 for 30 min with sonication in a heated water bath. Then the 

powder was centrifuged and subjected to two cycles of washing by isopropanol and 

centrifugation to remove the HNO3 residue. Finally, the powder was dried in a vacuum 

concentrator under "low" heating for 2 hr. 180 μL (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)dimethylchlorosilane was dissolved in 10 mL CCl4. The dried powder 

was suspended in the silane solution with sonication for 30 minutes. Then the 
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silane/silicon powder mixture was heated to reflux temperature for 24 hr with stirring. 

Finally, the silylated silicon nanoparticles were stored in 0.4 mL perfluorohexane for later 

use. Before application of the powder onto the MALDI plate, the perfluorohexane was 

replaced by isopropanol. Suspension of the silicon powder in isopropanol was achieved 

by sonication. A given amount of Milli-Q water was added to the powder suspension 

followed by sonication to obtain a final ratio of isopropanol and water of about 2:1 (v/v). 

Untreated silicon nanoparticles were washed with isopropanol three times and finally 

dispersed in isopropanol/water (2:1, v/v) before the application in SPALDI with 

unmodified particles. 

 

6.2.3 Preparation of standard acid solutions 

The sulfonic acids including p-toluenesulfonic acid monohydrate, 1-

dodecanesulfonic acid sodium salt and ()-camphor-10-sulfonic acid were dissolved in 

methanol/chloroform (1:1, v/v) to obtain stock solutions of 10 mM. Further dilution of 

the stock solutions was performed with methanol/chloroform (7:3, v/v) to achieve 50 

pmol/L p-toluenesulfonic acid and 100 pmol/L for both ()-camphor-10-sulfonic acid 

and 1-dodecanesulfonic acid sodium salt. 

All the fatty acid standards (C12 – C22) were dissolved in ethanol/chloroform 

(1:1, v/v) to obtain stock solutions of 5 mM. Desired final concentrations of the fatty 

acids (50 to 833 pmol/L) were achieved by the dilution of the stock solutions with 

ethanol/chloroform (1:1, v/v) or by mixing several stock solutions of fatty acids. 
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6.2.4 Extraction of lipids and fatty acids from milk and tick nymph samples 

The method to extract the lipids from milk samples was adopted from the 

literature
117

 with slight modifications. Briefly, a mixture of 1 mL milk and 3.75 mL 

methanol/chloroform (2:1, v/v) was vortexed for approximately 30 seconds followed by 

centrifugation for 20 min at 3400 rpm. The supernatant was aspirated out and the residue 

was vortexed with 1.25 mL chloroform. After centrifugation of the residue/chloroform 

mixture for another 20 min at 3400 rpm, the resulting supernatant was removed and 

combined with the primary supernatant set aside earlier. The combined supernatants were 

treated with 1.25 mL 0.88% KCl solution to break micelles/bicelles formed by bipolar 

components. After brief agitation, the bottom organic layer was separated and treated 

with a small amount of anhydrous MgSO4 to remove residual H2O in the organic layer. 

After the organic layer was filtered, lipids in the organic phase were concentrated under 

reduced pressure rotavaporization (Rotavapor-R, Büchi Laboratoriums-Technik AG, 

Flawil, Switzerland) and stored in a freezer at -20 ºC. The concentrated lipid solution was 

diluted 1:100 with methanol/chloroform (1:1, v/v) before the analysis by SPALDI mass 

spectrometry. To extract the free fatty acids from the tick nymphs, the tick nymph 

samples were frozen in liquid nitrogen to facilitate efficient grinding. One tick nymph 

was ground using a mortar and pestle. Soluble fatty acids in the ground tick nymph 

samples were dissolved in 3-5 L of methanol/chloroform (1:1, v/v). 3 L of tick fatty 

acid extract was mixed with 3 L of the SPALDI powder suspension and spotted onto a 

MALDI plate for analysis. 
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6.2.5 Mass spectrometry 

Standard MALDI well-plates were used for SPALDI experiments. For the 

commercial acid standards, 1 µL of silicon nanoparticle suspension was spotted on the 

MALDI plate immediately followed by 1 µL of the diluted acid solution placed on top of 

the silicon particles before the layer of powder suspension dried. For the extracted lipid 

and fatty acid samples, the analyte solution was mixed with the silicon nanopowder 

suspension by a volume ratio of 1:1. Then, 0.5-1 µL of the analyte/powder mixture was 

placed on the MALDI plate. The spotted MALDI plates were always dried in air before 

introduction into the MALDI-MS. 

All the experiments were performed using a Reflex III (Bruker, Billerica, MA) 

time-of-flight mass spectrometer with a reflectron, operated in the negative ion mode. 

The accelerating voltage was set to 20 kV and the voltage on the reflectron was set to 23 

kV. The mass spectrometer was equipped with a standard 337 nm nitrogen laser (LSI-

Laser Science Inc., Newton, MA). The laser beam has an average maximal fluence of 400 

Joule/pulse and was focused to a spot in a diameter of 100-150 m on the MALDI plate. 

Typically, 20 - 45% of the total laser fluence (attenuations of 80 - 55%) was applied in 

the experiments. Signals of 200 shots at a rate of 3 shots/second were accumulated for 

each spectrum acquired. Since the SPALDI samples do not have ―sweet spots‖
131

, 

random rastering of the sample spots was applied manually, typically moving every 5-10 

laser shots. 
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6.3 Results and Discussion 

6.3.1 SPALDI of substituted sulphonic acids 

A series of substituted sulfonic acids including p-toluenesulfonic acid 

monohydrate, ()-camphor-10-sulfonic acid and 1-dodecanesulfonic acid sodium salt 

were analyzed to evaluate the ionization of low-mass acidic compounds by SPALDI mass 

spectrometry. As shown in Figure 6.1 and Figure 6.2, both 50 pmol/L p-

toluenesulfonic acid and 100 pmol/L ()-camphor-10-sulfonic acid can be efficiently 

ionized by negative ion SPALDI. For all the compounds, the negatively charged free acid 

is observed. With SPALDI, there were no multimers or adduct ions detected, whereas the 

desorption/ionization of p-toluenesulfonic acid and ()-camphor-10-sulfonic acid on 

porous silicon is reported to generate Na
+
 dimeric ([Na

+
+2(M-H)

-
]) and K

+
 trimeric 

([K
+
+3(M-H)

-
]) adducts

137
 in the negative ion mode. In addition to these two substituted 

sulfonic acids, the sulfonic anion in 1-dodecanesulfonic acid sodium salt can also be 

detected by SPALDI mass spectrometry as shown for 100 pmol/L concentration in 

Figure 6.3. All mass spectra collected for these sulfonic compounds were clean with 

minimal background. The only interference was the peak at m/z 366.9. LDI on the FC10 

modified silicon nanoparticles was performed and analyzed by a Fourier Transform mass 

spectrometer (FT-MS). Exact mass measurement and MS/MS analyses reveal that the 

peak at m/z 366.9 may correspond to a fluorinated hydrocarbon, probably C10F13, which 

likely originates from the fluorinated modifier on the surface of the silicon nanoparticles. 

The sulfonic acid spectra suggest that SPALDI is capable of the relatively sensitive  
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Figure 6.1. SPALDI negative ion mass spectrometry of p-toluenesulfonic acid at 50 

pmol/L. 
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Figure 6.2. SPALDI negative ion mass spectrometry of ()-camphor-10-sulfonic acid at 

100 pmol/L. 
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Figure 6.3. SPALDI negative ion mass spectrometry of 1-dodecanesulfonic acid sodium 

salt at 100 pmol/L. 
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desorption/ionization of small acids. Similar to the SPALDI mass spectrometry of basic 

compounds in the positive ion mode,
131

 multimeric species or cationized adducts of the 

acids were absent from the SPALDI mass spectra in the negative ion mode. It should be 

noted that the laser fluence required to induce efficient SPALDI in the negative ion mode 

was around 35-45% of the total laser fluence. 

 

6.3.2 SPALDI of fatty acids 

An equimolar mixture of fatty acids (C12, C14, C16, C18, C20 and C22) at a 

concentration of 833 pmol/L each, was successfully ionized by SPALDI and the mass 

spectrum is illustrated in Figure 6.4. The concentration was set at a high level in order to 

observe the smaller C12 and C14 fatty acids which exhibited the poorest signals. It is 

noted that the laser fluence required for signal thresholds was about 30-35% with 

negative ion SPALDI, whereas a much higher threshold fluence of 60% was required for 

LDI of the fatty acids off the bare MALDI plate, as illustrated in Figure 6.5. The 

difference in the threshold laser fluence for efficient desorption/ionization of fatty acids 

in SPALDI and direct LDI is due to the efficient absorption of laser energy by nanoscale 

silicon particles and the local heating thereafter, as suggested in our previous work
131

 as 

well as LDI on other silicon nanomaterials.
138

 This could also be due to the relative 

inertness of the perfluorinated surface relative to the bare, contaminated and undefined 

metal. 
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Figure 6.4. Fatty acid SPALDI – chain length dependence. Negative ion SPALDI mass 

spectrum of the equimolar mixture of dodecanoic acid (C12), myristic acid (C14), 

palmitic acid (C16), stearic acid (C18), arachidic acid (C20) and behenic acid (C22). The 

concentration of each fatty acid in the mixture was 833 pmol/L. 
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Figure 6.5. Negative ion mass spectrum of an equimolar mixture of stearic acid (C18), 

nonadecanoic acid (C19), arachidic acid (C20) and behenic acid (C22) with LDI off a 

bare metal MALDI plate. The concentration of each fatty acid in the mixture was 1.25 

nmol/L. 
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An interesting phenomenon is the varying response of the SPALDI mass 

spectrometry to the different size of the fatty acids as illustrated in Figure 6.4. The signal 

intensity of fatty acids increases with the length of the carbon chain. While dodecanoic 

acid (C12) could not be observed and myristic acid (C14) and palmitic acid (C16) gave 

gradually increasing signals, the signal intensity almost leveled off for equimolar 

concentrations of fatty acids when the carbon chains were longer than 16 carbons. Chain-

length dependent signal intensity of fatty acid analysis in negative ion mode was recently 

reported for NIMS.
130

 We suggest that the size-dependent response of the SPALDI mass 

spectrometry is due to the crystallization of the larger fatty acids on the silicon 

nanopowder. Dodecanoic acid (C12) and myristic acid (C14) seemed not to form 

aggregates or crystals from the observation by the camera in the ion source of the 

MALDI-TOF instrument. Some dispersed small crystals of the palmitic acid (C16) 

sample can be observed under the camera. When the alkyl chains of the fatty acids were 

18 carbons and longer, white and sparkling crystals were seen under the camera.  

In order to further study our hypothesis that crystallization of fatty acids on the 

surface of silicon nanoparticles contributes to the size-dependent signal response in 

SPALDI, three unsaturated fatty acids including oleic acid (cis-9-C18:1), elaidic acid 

(trans-9-C18:1) and linoleic acid (cis-9,12-C18:2) were ionized by SPALDI and 

compared with the saturated C18 acid. These unsaturated fatty acids have different 

numbers of double bonds and conformations in the long chains and thus have different 

crystallinities. Both oleic acid and elaidic acid have one double bond at the same position 

in the alkyl chain. However, oleic acid is a liquid and elaidic acid exists in small crystals 
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at room temperature. Similar to oleic acid, linoleic acid is in liquid state because of its 

cis-conformation and the additional double bond in the alkyl chain. If our hypothesis is 

correct, both C18 and trans-9-C18:1 that are crystals are expected to show higher 

SPALDI signal intensity than cis-9-C18:1 and cis-9,12-C18:2 which are liquids. After 

mixing each fatty acid solution with silicon nanoparticles and spotting the mixture onto 

the MALDI plate, crystals of saturated C18 and smaller crystals of trans-9-C18:1 on the 

silicon nanopowder were observed under the camera. No crystals were seen for cis-9-

C18:1 or cis-9,12-C18:2. The signal intensity of these unsaturated fatty acids in negative 

ion SPALDI mass spectrometry is shown in Figure 6.6 and compared with C18. The 

results listed are an average of 5 experiments from 5 different spots for each fatty acid. 

As clearly illustrated in Figure 6.6, the fatty acids which form crystals exhibited signal 

intensities 2-3 fold higher than those with liquid form, which is in accordance with our 

expectation. The correlation of the signal intensity of fatty acids with crystallinity 

supports the hypothesis that crystallization on the modified silicon powder improves the 

signal intensity of fatty acids in negative ion SPALDI mass spectrometry. 

An equimolar mixture of C12 to C18 was ionized by unmodified silicon 

nanoparticles as well. The silicon nanoparticles used were merely washed and sonicated 

with isopropanol, and applied without further chemical modification. A size-dependent 

response of equimolar fatty acids was also observed for the unmodified particles showing 

signal intensity proportional to the chain-length. This result indicates that the size-

dependent response is not determined by the chemical modification of the silicon powder 

surface. Fatty acids with longer carbon backbones tend to crystallize on the unmodified  
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Figure 6.6. Signal intensity of stearic acid (C18), oleic acid (cis-9-C18:1), elaidic acid 

(trans-9-C18:1) and linoleic acid (cis-9,12-C18:2) in negative ion SPALDI mass 

spectrometry. The concentration of each fatty acid in the mixture was 500 pmol/L. The 

intensity average and standard deviation for measurements of 5 sample spots per fatty 

acid are shown. 
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silicon nanoparticles and strong signal intensities were also observed. 

In most cases, no multimers or cation adducts were observed for fatty acids with 

chain-length greater than 12 carbons in SPALDI which is similar to the SPALDI of 

substituted sulfonic acids as mentioned before. However, the deprotonated molecule of 

C12 fatty acid was missing from the SPALDI mass spectrum, while a sodium adduct of a 

C12 dimer was detected. No multimeric species or cation adducts were detected for fatty 

acids on unmodified particles. In contrast, cationized multimeric adducts were reported 

for several fatty acids from heptadecanoic acid (C17) to lignoceric acid (C24)
137, 139

 in the 

negative ion DIOS mass spectrometry. In order to further confirm the minimal formation 

of cation adducts or multimeric ions in negative ion SPALDI mass spectrometry, ZnCl2 

and CuCl2 were intentionally spiked into the nonadecanoic acid (C19) solution, based on 

their reported contribution to the formation of adduct ions.
139

 Neither cation adducts nor 

multimers were detected at a concentration of C19 up to 3000 pmol/L. Abundant Zn
2+

 

and Cu
+
 adducts of multimeric species and monomeric ZnCl2 or CuCl complexes 

([M+ZnCl2-H]
-
, [M+CuCl-H]

-
 and [M+(CuCl)2-H]

-
) were observed for C19 at the same 

concentration in negative ion DIOS mass spectrometry.
139

  

The absence of cationized multimeric ions of fatty acids in SPALDI may be due 

to the surface morphology of the SPALDI sample spots. The long fatty acids tend to 

aggregate/crystallize on the surface of the silicon powder spots. The analyte ions are 

laser-desorbed from the crystals on the silicon particles and then immediately released to 

the vacuum. Since dodecanoic acid (C12) does not form crystals on the silicon 
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nanopowder, C12 molecules may be trapped in the interstitial space between silicon 

particles and have more opportunities to interact with each other or alkali cations on the 

nanoparticle surface to form cationized dimers. In the case of DIOS, analytes are trapped 

in the porous silicon nanopores with a depth of ~250 nm on the DIOS chips.
140, 141

 The 

ions that are laser-desorbed were initially confined in the pores and have a higher 

probability of generating cation adducts or multimeric species. 

Although the desorption/ionization behavior of fatty acids was similar for 

SPALDI and unmodified particles, the detection limit of fatty acids in SPALDI mass 

spectrometry was not as good as unsilylated SPALDI. C18, C19, C20 and C22 at various 

concentrations were analyzed with both SPALDI and with untreated silicon powder. 

SPALDI had a typical limit of detection of 200 pmol/L for fatty acids with a backbone 

longer than 16 carbons, while SPALDI with unmodified silicon nanoparticles exhibited a 

limit of detection down to 50 pmol/L under the same experimental conditions, as 

compared in Figure 6.7 and Figure 6.8. While no signal could be obtained at 

concentrations below the detection limits, monotonic rise of signal with concentration 

could be observed above the detection limits. 

The inferior sensitivity of silylated particle SPALDI to fatty acids may result from 

the better electron donating property of the unsilylated silicon powder compared to the 

fluorinated silane chains tethered on the surface of silicon particles. In order to support 

this hypothesis, CuCl2, which was reported to be reduced by the photoelectrons generated 

in MALDI
142

, was mixed with unsilylated and fluorinated FC10 silylated silicon powder  
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Figure 6.7. Negative ion mass spectrum of an equimolar mixture of stearic acid (C18), 

nonadecanoic acid (C19), arachidic acid (C20) and behenic acid (C22) with SPALDI. 

The concentration of each fatty acid in the mixture was 313 pmol/L. 
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Figure 6.8. Negative ion mass spectrum of an equimolar mixture of stearic acid (C18), 

nonadecanoic acid (C19), arachidic acid (C20) and behenic acid (C22) with unsilylated 

SPALDI. The concentration of each fatty acid in the mixture was 50 pmol/L. 
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respectively. From Figure 6.9, LDI of CuCl2 off untreated silicon particles generated 

abundant clusters of reduction product including [CuCl]Cl
-
 , [CuCl]2Cl

-
 and

 
[CuCl]3Cl

-
 

when laser fluence was 35%. However, reduction of Cu(II) to Cu(I) in SPALDI produced 

less intense clusters even at a higher laser fluence, as shown in Figure 6.10, suggesting 

that unmodified silicon particles donate more electrons to the plume than fluorinated 

FC10 modified silicon powder, perhaps decreasing the likelihood of anion neutralization. 

The negatively charged surface of the bare silicon particles, which is due to the 

deprotonation of the surface silanol groups, might also have an electrical repulsion to the 

deprotonated acids. In addition, the layer of fluorinated alkyl modifier on the silicon 

nanopariticles dissipates part of the laser energy as shown in our previous work.
132

 

Therefore, the bare silicon powder is leading to higher sensitivity than SPALDI in the 

negative ion mode.  

However, unsilylated particles resulted in intense background peaks in the low 

mass region which are attributed to impurities and/or surfactants present from production 

of  the silicon nanoparticles
131

, as illustrated in Figure 6.8. As Figure 6.7 shows, most of 

the background peaks can be eliminated or suppressed by the procedure of cleaning and 

silylation of the silicon powder, leaving a relatively clean low-mass region and 

minimizing the interference to analyte signals. The background peaks remaining in the 

negative ion SPALDI mass spectra resulted from salt in the analyte solutions and 

phosphate which is a common anionic salt surfactant counterion.
143

 In any case, the 

spectra above m/z 100 are usually almost background free in negative ion SPALDI. 
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Figure 6.9. Negative ion mass spectrum of CuCl2 reduction with unsilylated silicon 

nanoparticles. The concentration of CuCl2 was 375 pmol/L. 
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Figure 6.10. Negative ion mass spectrum of CuCl2 reduction with SPALDI. The 

concentration of CuCl2 was 375 pmol/L.  
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6.3.3 Application of the negative ion SPALDI mass spectrometry 

SPALDI mass spectrometry was used to analyze milk and tick nymph samples in 

order to illustrate the applications of negative ion mode SPALDI in real-world samples. 

Through simple extraction and mixing the lipid extract with silylated silicon 

nanoparticles, five fatty acids were successfully detected in a milk sample including C14, 

C16, linoleic acid (C18:2), oleic acid (C18:1) and C18, which are the most abundant fatty 

acid components in the milk lipids determined by GC
135

 and HPLC
144

, as illustrated in 

Figure 6.11. Compared to fatty acid analysis by GC, the analysis of fatty acid 

components in lipid mixtures by SPALDI did not require esterification or 

saponification
134

, making the sample preparation easier and faster. In addition, the fatty 

acids detected were free of cation adducts while fatty acids were observed as cation 

adducts in the analysis of lipids using other matrix-less LDI techiniques.
117

 Comparison 

of the milk lipid extract SPALDI mass spectrum with the spectrum of the equimolar 

mixture of fatty acids (Figure 6.4) reveals that the shorter C14 and C16 are more 

abundant in the extract. The ratio between C18:2, C18:1 and C18 in the milk revealed by 

SPALDI is 0.2:1:0.5, similar to the ratio of 0.2:1:0.4 for full fat milk determined by 

HPLC.
144

 C18 showed a higher abundance in SPALDI compared to the reported value 

which should be due to the higher SPALDI response of C18 than that of C18:2 and C18:1 

as illustrated in Figure 6.6. Taking advantage of the fact that no adducts or multimers 

form, fatty acids can be semi-quantified by negative ion SPALDI mass spectrometry after 

size-dependent signal response is calibrated by fatty acid standards. 
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Figure 6.11. Myristic acid (C14), palmitic acid (C16), linoleic acid (C18:2), oleic acid 

(C18:1) and stearic acid (C18) detected in milk extract by SPALDI mass spectrometry in 

the negative ion mode. 
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Free fatty acids in tick nymph samples were also analyzed by SPALDI mass 

spectrometry. Profiling of fatty acid composition in ticks that have acquired a vertebrate 

blood meal is a potential way of identifying mammals on which nymphs have fed, 

assisting disease prevention efforts. A single tick nymph was simply ground and mixed 

with methanol/chloroform mixture. As exhibited in Figure 6.12, palmitic acid (C16), 

linoleic acid (C18:2), oleic acid (C18:1) (the dominant peak, m/z 282 is the isotopic peak 

of C18:1) and stearic acid (C18) were successfully detected in the ground tick nymph by 

negative ion SPALDI mass spectrometry, indicating that fatty acids in the tick nymph 

samples can be directly analyzed by SPALDI with minimal sample preparation. In 

addition, the analysis of fatty acids in tick nymphs by SPALDI can be obtained with one 

nymph only, while GC usually requires a significantly larger number ranging from 20 to 

200 nymphs.
145, 146

 In our lab we pushed the number of tick nymphs used down to 15 to 

analyze fatty acid profiles by GC. Desorption electrospray ionization (DESI) and direct 

analysis in real time (DART), which are relatively new ionization techniques that require 

―no sample preparation‖, have been reported to provide more sensitive detection
147

 or 

complete profiling of fatty acids
148

 in intact bacteria. However, the mass spectra of fatty 

acids acquired were interfered with abundant or intense unidentified peaks. Recently 

strong base was reported as a novel matrix of MALDI for small anions and fatty acids 

analysis in crude samples was demonstrated.
149

 While we were in the process of 

submitting the present manuscript, NIMS was reported for rapid screening of fatty acids 

in plant oil and cell extract, with detection limit of 100 fmol.
130

 SPALDI provides an 

alternative way for fatty acids screening with minimal sample preparation, especially  
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Figure 6.12. Palmitic acid (C16), linoleic acid (C18:2), oleic acid (C18:1) and stearic 

acid (C18) detected in a ground tick nymph by SPALDI mass spectrometry in the 

negative ion mode. 
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when analytes are required to be detected in positive ion mode as well. 

These results suggest that SPALDI can be used to directly analyze fatty acids and 

lipids with high sensitivity and simple extraction, and has potential applications in fast 

screening of those compounds in various crude samples.  

 

6.4 Conclusions 

It is demonstrated here that SPALDI mass spectrometry is capable of the analysis 

of small acids in the negative ion mode. The detection limit of SPALDI was 50 pmol/L 

for substituted sulfonic acids and 200 pmol/L for the less acidic fatty acids. Compared 

to DIOS, SPALDI was slightly more sensitive to acids and almost no multimers or cation 

adducts were observed in the mass spectra as commonly seen with DIOS. Fatty acids 

showed a size effect in their SPALDI response – saturated or trans- unsaturated fatty 

acids with longer carbon backbones exhibited higher signal intensity in the mass spectra. 

This phenomenon might be related to the aggregation/crystallization of fatty acids on the 

silicon particles. This hypothesis was also supported by the SPALDI of unsaturated fatty 

acids with different crystallinities (but similar molecular weight), showing that better 

crystallinity facilitates higher signal intensity of fatty acids in negative ion SPALDI mass 

spectrometry. SPALDI was less sensitive than unsilylated SPALDI for fatty acids. 

However, SPALDI suppressed most of the low-mass background peaks resulting from 

impurities and surfactants in the untreated silicon nanopowder. SPALDI was also applied 

to the analysis of fatty acids in milk and tick nymph samples. Both saturated and 
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unsaturated fatty acids were successfully detected and semi-quantified by SPALDI mass 

spectrometry in the negative ion mode with minimal sample preparation. SPALDI mass 

spectrometry could potentially become a routine and relatively sensitive analytical 

technique to perform fast sample screening in the negative ion mode.  
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CHAPTER 7 SUMMARY AND FUTURE DIRECTIONS 

7.1 Summary 

7.1.1 Surface coating with ultra-low adsorption for protein capillary electrophoresis 

and isoelectric focusing 

This work demonstrated that surface-initiated ATRP of acrylamide can be 

performed with BC-triCl mixed with C1. The mixed silane is able to chemically stabilize 

the packings of 900 nm and 680 nm silica particles in capillaries and channels. A volume 

ratio of 20:1 for BC-triCl and C1 is shown to give highest surface coverage of 

polyacrylamide. 5 hr ATRP resulted in 84 μmol/m
2
 of acrylamide on the surface. 

Polyacrylamide layer prepared by surface-initiated ATRP is about 4 nm thick and 

swells to around 16 nm in aqueous buffers. The polyacrylamide coating is able to reduce 

EOF in capillary electrophoresis and isoelectric focusing. EOF mobility was reduced by 

4.5-fold compared to bare capillaries after 1 hr ATRP of acrylamide on the capillary 

surface. 

Capillaries electrophoresis of BSA and lysozyme was performed in the 

polyacrylamide-coated capillaries, respectively. The results suggested that the 

polyacrylamide film suppressed the coulombic attraction between the proteins and the 

deprotonated surface silanols, which prevents the adsorption of positively charged 

proteins on the silica surface. Negligible irreversible or reversible adsorption of proteins 

was observed when polymerization time of the acrylamide was longer than 4 hr. In 

addition, slow desorption of proteins caused by surface coating was not observed for 
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polymerization time longer than 4 hr. Moreover, the polymerization time did not affect 

the elution time or resolution. Therefore, polymerization time longer than 4 hr is not 

required to prepare a layer of polyacrylamide with minimal reversible and irreversible 

protein adsorption.  

 

7.1.2 Isoelectric focusing in packed capillaries and field-free remobilization 

IEF in capillaries packed with 900 nm silica particles are demonstrated in this 

work. The silica packings were modified with a brush layer of polyacrylamide to prevent 

protein adsorption. Both reversible and irreversible adsorptions were shown to be 

negligible. The packed capillaries eliminate the problem of unwanted hydrodynamic flow 

between reservoirs. 

A mixture of trypsin inhibitor, carbonic anhydrase II and myoglobin was focused. 

The time required for focusing in the packed capillaries is increased by only a factor of 2 

compared to open capillaries, giving complete focusing in less than 15 min at 200 V/cm. 

A resolution of 0.03 pH unit was achieved in packed capillaries at 500 V/cm. The packed 

capillaries allow the use of higher electric fields, with resolution continually increasing 

up to at least 1500 V/cm.  

Pressure-driven remobilization without an applied electric field is shown to be 

possible with capillary isoelectric focusing using packed capillaries. The packing 

obstructs diffusional broadening after the field is turned off: for trypsin inhibitor, D = 

6.1(±0.3) × 10
−8

 cm
2
/s for the packed capillary vs. D = 28.8(±0.3) × 10

−8
 cm

2
/s for the 
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open capillary. The broadening contributed by the packing during remobilization is from 

eddy diffusion, and it is described by its plate height, H, which is the variance per unit 

length: H = σ
2
/L = 640 nm. This limits the resolution to 0.1 pH units for the 2 cm 

capillary having a pH gradient of 3−10, giving a theoretical peak capacity of 47. 

 

7.1.3 Isoelectric focusing in packed microfluidic channels 

Channels on glass chips can be simply made by etching. A ―sandwich‖ type of 

assembly was designed to pack the channels with sub-micron silica particles by vertical 

deposition. The packings in the channels can be chemically stabilized by trichlorosilanes. 

IEF in the channels packed with 680 nm silica particles was demonstrated. The 

resolution can reach 0.023 pH unit at 400V/cm. The focusing time in packed channels is 

typically less than 30 min, longer than IEF in packed capillaries due to larger sample 

volume in the channels. Faster IEF can be performed by focusing at high electric fields. 

Increasing the electric field up to 1000 V/cm can improve the resolution of on-chip IEF. 

However, electric fields higher than 1000 V/cm should be avoided for the channels 

covered with mineral oil or PDMS sheet due to their low thermal conductivities. 

Proteins diffuse slower in the channels packed with 680 nm silica particles than in 

the capillaries packed with 900 nm particles. For trypsin inhibitor, D = 6.1(±0.3) × 10
−8

 

cm
2
/s for the packed capillary vs. D = 3.6(0.1) × 10

-8
 cm

2
/s for the open capillary. For 

the detections where remobilization is not required such as MALDI, diffusion of proteins 
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can be slow down by packing the channels with smaller particles to allow sufficient time 

for manipulation before detection. 

 

7.2 Future Directions 

7.2.1 Application of isoelectric focusing in glycoprotein separation using capillaries 

packed with silica particles 

7.2.1.1 Background 

Protein glycosylation is a kind of post-translational modification which typically 

happens on the cell surface and is involved in biological process such as interaction 

between cells. Research has shown that change in protein glycosylation is related to the 

progression of cancers and participate in proliferation, invasion and metastasis of the 

cancers.
150-152

 Change in glycosylation pattern has been reported for various cancers such 

as prostate cancer
150

 and breast cancer
153

. Therefore, glycoprotein is considered as a 

potential biomarker for cancers.
2
 

Currently prostate-specific antigen (PSA) is the only glycoprotein that has been 

approved by FDA as a biomarker for prostate cancer.  PSA is a glycoprotein that is only 

produced by prostate tissue.
154

 Diagnosis of prostate cancer is performed by measuring 

PSA level in serum. PSA level higher than 4 ng/mL indicates possible prostate cancer. 

However, this PSA screening test is not very reliable which statistically shows 65%-75% 

false positive and 15% false negative. Biomarkers with higher specificity and accuracy 

are required for prostate cancer in addition to PSA serum level test. It was reported that 
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PSA from prostate tumor cells exhibited big difference in carbohydrates composition 

compared to PSA from normal persons.
150

 Study of the glycosylation difference may 

provide more reliable biomarkers for prostate cancer.  

However, protein glycosylation involves different forms of glycosylation 

including glycopeptides, glycosaminoglycans, glycolipids as well as various 

combinations of sugar groups. The complexity of protein glycosylation greatly increases 

the difficulty in using glycoprotein as biomarkers for cancers. Separation techniques with 

high resolution are required to separate glycoforms of the glycoproteins in order to study 

the change in glycosylation. 

Study showed that PSA has N-linked oligosaccharides of N-acetyllactosamine 

type with sialic acid groups.
155

 Sialic acid is a charged carbohydrate. The presence of 

sialic acid component in various amounts in different glycosylations will shift the pI of 

different glycoforms, enabling separation of glycoforms by isoelectric focusing (IEF). 

The separation of PSA glycoforms is usually performed with conventional 2D-gel 

electrophoresis. IEF performed in gel strips with immobilized pH gradient (IPG) reveals 

that PSA has 4 to 5 subforms depending on the sources of the sample.
150, 154

 Although 

IPG strips have high resolving power with resolution up to 0.001 pH unit
156

 and good 

reproducibility, it is challenging to perform IEF of analyte with low concentration 

because the separated proteins have to be stained for detection.
157

 PSA level in serum is 

less than 4 ng/mL for normal people. The low abundance of PSA requires the sample to 

be concentrated before performing IEF in IPG gels. Moreover, IEF in IPG strips is time-

consuming which usually takes an overnight to load the sample and another 5 – 15 hr to 
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finish focusing. Typically samples from at least 10,000 patients are required to validate a 

biomarker. Slow IEF in IPG strips will decrease the throughput of biomarker discovery. 

Separation of PSA glycoforms by capillary electrophoresis was also demonstrated.
158

 

This study injected commercial PSA standards at a 0.1 mg/mL. Separation with much 

lower concentration was not reported.  

 

7.2.1.2 Proposed solution and preliminary results 

The sialic acid components in the glycosylation of PSA will change the pI of the 

glycoforms, making separation of glycoforms possible by IEF. IEF in IPG strips shows 

that PSA has 5 subforms with pI ranging from 6.4 to 7.2, as illustrated in Figure 

7.1(a).
159

 The spot F5 corresponds to PSA without glycosylation and F1 – F4 represent 

different glycoforms. The pI difference between any adjacent subforms is 0.1 pH unit or 

higher. 

It has been demonstrated in Chapter 4 that IEF in capillaries packed with silica 

particles can obtain a resolution of 0.03 pH unit at 500 V/cm. Although there is band 

broadening due to eddy diffusion during remobilization, the resolution still remains at 0.1 

pH unit. Such a resolution is enough for separation of PSA glycoforms. Preliminary 

results show that IEF in packed capillaries for separation of PSA glycoforms is promising. 

Figure 7.1(b) displays the cIEF separation of 5 subforms of Chromeo P540-labeled PSA 

in a 2-cm long capillary packed with 900 nm silica particles at 200V/cm. Carrier 

ampholytes of pH 3 -10 were used to build the pH gradient. The 5 subforms were focused 

roughly in the middle of the capillary, where the pI range of PSA subforms is located.  
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Figure 7.1. Separation of PSA subforms by IEF. (a) 5 subforms of PSA in seminal 

plasma from a healthy donor were separated by an IPG strip. Spots labeled with F1 – F4 

correspond to subforms with different glycosylation. F5 corresponds to the 

unglycosylated PSA.
159

 (b) 5 subforms of PSA standard from Fitzgerald Industries were 

separated by IEF in a capillary packed with 900 nm silica particles. The pH gradient was 

set up by 4% carrier ampholytes pH 3 -10. Dotted lines compare the relative positions of 

PSA subforms separated in an IPG strip and in a packed capillary. 

 

 

ΔpI = 0.9 pH units 
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The pI difference between the most basic and most acidic subforms was calculated to be 

0.9 pH units, assuming a linear graident of pH 3 – 10 across the capillary. This value is 

very close to the value in the literature.
159

 The dotted lines in Figure 7.1 illustrate the 

relative positions of separated PSA subforms in IPG strip and in packed capillary. The 

separated subforms in the capillary are relatively aligned to the positions of separated 

subforms in IPG strip. Note that the intensity of each subform in the capillary was not the 

same as the intensity in IPG gel strip. The intensity difference may be due to the source 

of the samples. Different fluorescent labelling efficiency for various isoforms may also 

cause the intensity difference. 

Note that the separation of PSA subforms in Figure 7.1(b) was obtained under 

200 V/cm applied field. Higher resolution can be achieved by increasing the electric field. 

Another way to have the subforms more resolved is to use carrier ampholytes with a 

narrower pH gradient. For PSA subforms, carrier ampholytes with pH 5 – 8 can be used 

and they are commercially available. Separated PSA subforms can also be coupled with a 

reverse phase liquid chromatography capillary column to remove carrier ampholytes and 

then perform ESI-MS
n
 to analyze the glycosylation of each subforms.  

 

7.2.2 Immobilized pH gradient on the silica packing in capillaries and channels 

7.2.2.1 Background 

The pH gradient set up by carrier ampholytes often suffers from pH drift and 

compression. Immobilized pH gradient avoids the problems brought by carrier 

ampholytes and improves the reliability and the reproducibity of IEF. However, mass 
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spectrometric analysis on the proteins separated by IPG strips after involves extraction 

and digestion of proteins, which is labor intensive and time consuming. Capillary IEF can 

be coupled with mass spectrometry to do on-line cIEF-MS. However, the carrier 

ampholytes used in regular cIEF also affect the mass spectrometry performance. The 

presence of carrier ampholytes will cause ion suppresion.
160

 By decreasing the 

concentration of carrier ampholytes helps to improve the ion signals, however, low 

concentration of carrier ampholytes may not provide enough buffer capacity and 

decreases the resolution.
160

 

To solve these problems and make IEF easily compatible with mass spectrometry, 

an immobilized pH gradient in a capillary is worthwhile to explore. As to the author’s 

knowledge, there are only 6 papers published on making immobilized pH gradient in 

capillaries or microfluidic channels. The stratigies can be summarized as three catogaries. 

The first strategy employed was to copolymerize glycidyl methacrylate and other 

monomers to prepare a monolith in a capillary or a channel.
111, 161-163

 The epoxy 

functional groups serve as anchors to bind focused carrier ampholytes onto the monolith. 

A typical procedure for preparing such a monolith with IPG is shown in Scheme 7.1.
163

 

Due to the macroporous structure of the polymer monolith, one can expect severe peak 

broadening due to eddy diffusion during remobilization, which impairs the resolution. 

IPG can also be prepared by copolymerization of allylamine, acrylic acid, acrylamide and 

bisacrylamide in open tubular capillaries.
164

 In this strategy, the pH gradient was built by 

adjusting the ratio of allylamine and acrylic acid. The macroporous copolymer formed 

and attached to the capillary wall with IPG provides pH gradient during IEF. In this  
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Scheme 7.1. Procedure for preparing a monolithic packing with immobilized pH 

gradient.
163
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method, band broadening due to parobolic flow profile during pressure remobilization 

will be severe since it is an open tubular capillary. Last method is quite similar to prepare 

IPG strips. By copolymerizing Immobilines with acrylamide and bisacrylamide in the 

microfluidic channels, IPG gel can be made in channels.
110

 Soft polyacryalmide gel 

doesn’t allow pressure remobilization. All of these three strategies have inherent 

problems for coupling IPG with mass spectrometry. In addition, the band broadening 

during remobilization using IPG monolithic and open tubular capillaries impair the 

resolution and may not provide enough resolution for glycoform separations. 

 

7.2.2.2 Proposed solution and preliminary results 

Packings of silica particles provide an excellent substrate for an immobilized pH 

gradient. Their large surface-to-volume ratio allows sufficient buffer capacitiy of the pH 

gradient. The mechanical property of silica particles allows high pressure for fast 

remobilization. These benefits that silica packings provide motivate us to explore the 

preparation of IPG on this material. 

The author borrowed the idea of binding carrier ampholytes onto the silica 

packings via epoxy groups. Surface-initiated atom transfer radical polymerization (ATRP) 

was used to copolymerize glycidyl methacrylate (GMA) and acrylamide (AAm). The 

preparation of IPG on silica packing was designed and illustrated in Scheme 7.2. GMA 

provides epoxy groups to bind carrier ampholytes, while polyacrylamide prevent 

nonspecific absorption of proteins. Methacrylate and its derivatives are known to have  
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Scheme 7.2. Procedure for preparing silica packed capillaries with immobilized pH 

gradient. 
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high reactivity in ATRP. They are often used to study the mechanism and kinetics of 

ATRP.
165-168

 Surface-initiated ATRP of GMA has been reported in the literature.
169-171

 

ATRP is able to control the degree of polymerization of GMA polymer by adjusting 

monomer concentration or polymerization time. This allows easy control on the ratio of 

epoxy groups in the GMA/AAm copolymer. 

To the author’s knowledge, copolymerization of GMA and AAm by ATRP has 

not been reported yet. GMA and AAm copolymer at 4 different feed molar ratios were 

prepared. The surface coverage of GMA was measured by microanalysis and plotted in 

Figure 7.2. From Figure 7.2, surface coverage of GMA was around 30 µmol/m
2
 for a 

feed ratio of GMA/AAm 1:5 (mol ratio). The pore size of a packing of 900 nm silica 

particles is roughly 150 nm in diameter. 30 µmol/m
2
 GMA corresponds to 1.2 mol/L 

epxoy groups available for carrier ampholytes to bind in a pore of 150 nm in diameter. 

Regular cIEF use 2% to 4% carrier ampholytes to build pH gradient, which is roughly 

0.04 - 0.08 mol/L. Therefore, GMA/AAm copolymer will provide enough buffer capacity 

after carrier ampholytes are bound to the silica surface. 

Figure 7.3 shows preliminary results of IEF performed in a capillary packed with 

silica particles. The silica packing was coated with GMA/AAm copolymer. Carrier 

ampholytes were bound to the copolymer. A mixture of fluorescently-labeled trypsin 

inhibitor and carbonic anhydrase II was injected and filled the whole capillary. Protein 

bands moved from both cathode and anode after the electric field was applied, and 

eventually focused into one band, which is a typical phenomenon in IEF indicating that  
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Figure 7.2. Surface coverage of glycidyl methacrylate units and acrylamide units from 

their copolymers as a function of glycidyl methacrylate (GMA) feed ratio. Total 

concentration of two monomers is 3 M for all the feed ratios. 
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Figure 7.3. IEF of a mixture of trypsin inhibitor and carbonic anhydrase II, both labeled 

with Chromeo P540 in a capillary packed with 900 nm silica particles. Carrier 

ampholytes pH 3-10 were bound to the silica packing before IEF. 

Trypsin inhibitor and 

carbonic anhydrase II 
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carrier ampholytes were bound to the surface. Although separation of trypsin inhibitor 

and carbonic anhydrase II by IEF was not obtained in the initial runs, the fact that carrier 

ampholytes were able to bind to the silica packing based on the experimental design is 

encouraging. No separation by IEF indicates a pH gradient was not correctly bound to the 

packing across the capillary. The reason might be due to the moderate reactivity between 

epoxy groups and amine groups from the carrier ampholytes. pH gradient was impaired 

due to diffusion of ampholytes before enough ampholytes were bound to the surface. In 

the future, work needs to be done on how to quickly and efficiently bind sufficient carrier 

ampholytes onto the silica packings. 

Another strategy that is worth-while studying is to prepare a copolymer of 

acrylamide and Immobilines which are acrylamide derivatives tethered on the silica 

surface. Oxidative polymerization
164

 or UV photopolymerization
110

 can be used to 

perform the surface-initiated copolymerization. The challenges of this strategy include 

how to set up a pH gradient in a silica packing before copolymerization and how to 

prepare copolymer with enough buffer capacity in a short time. 

 

7.2.3 On-chip isoelectric focusing coupled with matrix assisted laser 

desorption/ionization 

IEF in on-chip channels packed with silica particles were demonstrated in 

Chapter 5. Using matrix assisted laser desorption/ionization (MALDI) as detection 
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technique does not require remobilization of focused proteins, thus avoiding the 

resolution loss due to eddy diffusion during remobilization.  

Our group has recently demonstrated MALDI of proteins on silicon wafers coated 

with silica colloidal crystal coated. The mass spectra exhibit higher resolution than 

MALDI of proteins on regular stainless steel targets. This motivates us to couple on-chip 

IEF with MALDI to achieve direct mass spectrometric analysis without sample extraction 

and/or digestion which is required for mass spectrometric analysis after proteins are 

separated by 2D-gel electrophoresis. For MALDI compatibility, silicon wafers should be 

used as substrate for on-chip IEF to avoid charge accumulation from the high voltage 

applied to the MALDI target. More precise techniques will be employed to etch channels 

on silicon wafers such as deep reactive ion etching to have a better control on the 

dimension and shape of channels.
160

 Another challenge of MALDI is to apply matrix 

solution after IEF in completed in the channels. A possible solution to this method is to 

uniformly spray matrix solution on the whole channel before the channel dries. 

Immobilized pH gradient on packed microchannels will also eliminate the intereference 

of carrier ampholytes in MALDI – MS. 
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