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Abstract

Capillary electrophoresis (CE) Is a widely accepted technique for

performing high-efficiency liquid separations. The utility of CE separations

could be increased by comprehensively depositing the capillary effluent onto

a planar substrate, thus essentially preserving the separation to allow the

application of off-column technologies. Electrospray is a convenient

technique for continuously transferring column effluent from capillary-to-

planar format. Conditions are optimized to produce a narrow (~ 20 pm) liquid

filament (electrofilament), which is capable of depositing spatially focused

bands with track widths that are routinely 100-200 pm. A fiber optic-based

laser-induced fluorescence cell is employed to monitor the separation on-

column while the separated bands are deposited onto a moving substrate.

The electrofilament (EF) technique is evaluated based on its ability to deposit

spatially focused bands, which preserve the on-column separation

performance.

The EF technique was used to couple CE with thin-layer

chromatography (TLC) to demonstrate a convenient technique for performing

two-dimensional microseparatlons. The TLC plate stores the separation from

the CE capillary in the first dimension and then serves as the stationary phase

for the separation in the second dimension. To demonstrate this technique,

dansylated derivatives of select amino acids are separated in the first

dimension by micellar electrokinetic chromatography, and in the second
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dimension their enantiomers are separated by reversed-phase TLC using a

mobile phase that contains cyclodextrins as a chiral reagent. Prior to TLC

development, off-column CE efficiencies of 130,000 to 190,000 plates per

meter were obtained. The enantiomers of four DNS-amino acids are baseline

resolved and a significant improvement in peak capacity over the one

dimensional separation is demonstrated.

Surface-enhanced Raman scattering (SERB) is employed to obtain

distinctive spectra for compounds that are separated by CE and EF deposited

onto planar SERS-active substrates. A simple method is described that

explains how to prepare SERS-active substrates by depositing a silver-colioid

solution onto frosted-glass microscope slides. Scanning electron

micrographs reveal a layered coating of fairly uniform-sized, 100-nm silver

nanoparticles with interstitial spaces ranging from a few to tens of

nanometers. The test compounds used to demonstrate this technique include

compounds of biological significance: benzyloxyresorufin, riboflavin, and

resorufin. Characteristic spectra with major Raman bands exhibiting signal-

to-noise of greater than 3 were obtained for a 3.2-nL injection of 10"® M (706

fg) resorufin. Forming a self-assembled monolayer on the substrate

increases the sensitivity of the SERS technique and decreases the on-

substrate broadening of deposited bands.



Preface

One valuable aspect of my graduate work has been my introduction to

scientific literature. Every month, there are a tremendous number of

published articles relating to all aspects of science. Analytical chemistry is a

cornerstone of many of these articles. Whether the research involves organic

synthesis, fundamental study of chemical principles, or the introduction of

new pharmaceutical drugs, analytical chemistry provides the means by which

research is verified. Therefore, it is extremely important to continually push

the boundaries of analytical instrumentation. Since I have been at the

University of Tennessee, the goal of my research has been to expand the

applicability of capillary electrophoresis beyond that which is attainable with

conventional instrumentation.

This dissertation is arranged into four chapters. The first chapter is an

introduction into the technology that is relevant to the presented research,

specifically capillary electrophoresis and various detection methods.

Although this is not a comprehensive review, it covers the basics that will

allow the reader to better understand the proceeding research chapters. The

next three chapters are modified versions of the following research articles:

Nirode, W.F.; DeVault, G.L.; Sepaniak, M.J. Anal. Chem. 2000, 72, 1866.

DeVault, G.L.; Sepaniak, M.J. Electrophoresis 2000, 21, 1320.
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DeVauIt, G.L.; Sepaniak, M.J. J. Microcolumn Separations 2000, 12, 419.

DeVauit, G.L.; Sepaniak, M.J. Electrophoresis 2001, in press.

Certain areas have been expanded to increase the readers' understanding

and other areas have been reduced to eliminate repetitiveness.
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Chapter 1. CAPILLARY ELECTROPHORESiS

Introduction

Since the emergence of modern capillary electrophoresis (CE) nearly 20

years ago, the technique has matured into the foremost analytical technique for

performing high-efficiency liquid-phase separations. CE has made major

contributions to a wide variety of research. Most recently, it played an

instrumental role in the sequencing of the human genome, which is considered

one of the most significant scientific achievements in the last century [1-3].

Bearing in mind the implications of this work to the basic understanding of the

chemistry of life, and to genetic disease diagnosis and therapy, arguably CE is

one of the most important analytical tools used today. Research and

development involving CE shows no signs of slowing down as evident from the

approximately 1900 reviewed research articles in the year 2000. Additionally,

CE technologies have been adapted to the "lab-on-a-chip" format, which

promises to be the next generation of analytical instrumentation [4,5].

Potentially, due to the need for efficient ultra-fast separations in areas such as

genomics, proteomics, and combinatorial chemistry, CE could be involved in

some of the most exciting and important research of the next decade [6-10].

Electrophoresis occurs when an electric field is applied across a

conductive fluid medium; the electric field causes the charged solutes to migrate

through the medium. The.rate and direction of the solute migration depend on



the solute charge and size. Historically, the term "electrophoresis" can be traced

back to 1909 when Michaelis separated proteins based on their isoelectric points

[11]. In the late 1930s, Tiselius performed moving boundary experiments on the

separation of human serum proteins, albumin, and a-, p-, y-globulins. For his

work in electrophoresis, Tiselius was awarded the Nobel Prize in Chemistry in

1948 [12],

An inherent iimitation of electrophoretic methods is Joule heating, which is

heating caused by the passage of an electric current through a conductive

medium [13]. Joule heating causes thermal convective flow that results in

decreased separation performance. To reduce the effects from this heating,

electrophoresis was initially performed in a slab of gel immersed in a conductive

medium. The gel, which has a high area-to-volume ratio, effectively dissipates

any heat that is generated. This technique, known as slab gel electrophoresis,

has been widely used for the separation of large biological molecules such as

proteins and oligonucleotides [14]. Although slab techniques are still used today

[15,16], the full potential of electrophoresis was not realized until capillaries were

employed as migration channels, which put electrophoretic separations on the

same Instrumental level as high-performance liquid chromatography (HPLC).

When employing tubes or capillaries for electrophoresis, the convective

flow from Joule heating is reduced as smaller internal diameter (i.d.) capillaries

are employed. Additionally, analogous to gel in slab-electrophoresis, the high

area-to-volume ratio inherent to the capillaries will serve to dissipate heat that is

generated. Initially, Hjerten performed separations of inorganic ions and proteins



in 3-mm tubes [17]. Following this work, Virtanen used smaller internal diameter

(0.2 mm) Pyrex tubes [18]. In the late 70s, Mikkers et al. sought to solve the

Joule heating problems through the use of narrow-bore (200 pm) Teflon tubes

[19]. However, it was not until Jorgenson and Lukacs demonstrated

electrophoresis in glass capillary tubes that modern CE started to take shape.

In this initial work, electrophoresis was conducted in open-tubular glass

capillaries of 75-pm internal diameter and with applied voltages of 30 kV, typically

these same conditions are used today. Short analysis times (10-30 min.) and

high efficiencies (400,000 theoretical plates) were demonstrated for separations

of amino acids, dipeptides, and amines. In addition, the theoretical aspects of

CE were outlined [20,21].

Within a few years, research in academia, government, and industry

throughout the world was quickly advancing the CE instrumentation and

expanding its use to a wide range of applications [22-24]. One reason for the

accelerated rate of development is that the CE technique uses inexpensive

instrumentation and readily available capillary columns. Although automated

commercial instruments are currently available from several manufacturers, a

large portion of research occurs on instrumentation that has been assembled "in-

house". Additionally, when compared to its major competitor HPLC, CE uses

minute volumes of solvents and it generates considerably less waste. The

inherent advantages of CE listed below continue to make it an attractive

separation technique;

•  Capable of high separation voltages
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•  high efficiency separations (N>10® to 10®)

•  fast separations

•  small sample volumes (1 to 50-nL injected) and waste generation

•  numerous modes that can be optimized to separate positively? neutral,

and negatively charged inorganic ions, organic molecules, and large

biomolecules

•  operates in aqueous or mixed aqueous-organic media

Separation Theory

The rhajority of the following discussion was adapted from two excellent

monographs on CE, the Handbook of Capillary Electrophoresis and High

Performance Capillary Electrophoresls-An Introduction [25,26]. A typical CE

system is shown in Figure (1.1); the main components consist of a high voltage

power supply (0 to 30 kV), a polyimide-coated fused-silica capillary with an

internal diameter less than or equal to 100 pm, two buffer reservoirs that can

accommodate both the capillary and the electrodes, a power supply, and a

detector. Under normal operation, the reservoirs and the capillary are filled with

an aqueous running buffer. The capillary inlet is placed into the sample vial and

the sample is introduced into the capillary column by one of several injection

techniques. Subsequently, the capillary inlet is placed back into the buffer

reservoir and an electric field is applied. The electric field causes the solutes to



375 |am ^ ^ 2 - 100|im

Net Flow

Capillary Length
20 ■ 100 cm

Detector

©
High Voltage

Power
(5-30 kV)

>

\
rr

3 1
1

Inlet Buffer/

Sample Injection
Outlet Buffer

Figure 1.1 General schematic of a CE instrument.



migrate through the capillary; ideally they would migrate at different rates. As the

solutes pass by the detector a signal is sent to either an integrator or a computer

acquisition system. An electropherogram, which is a plot of detector response

versus time, is produced in which the separated compounds appear as peaks

with different migration times.

Electrophoresis

Electrophoresis separations are based on the differences in solute velocity

in an electric field. The velocity of an ion, v, under the influence of the applied

voltage V, is the product of the electrophoretic mobility, p-e, and the applied field

E (E=V/L, where L is the length of the column)

v = P,^ (1.1)

The mobility is determined by the electric force that the molecule experiences,

balanced by its frictional drag through the medium. The electrical force can be

given by

F, = qE (1.2)

and the frictional force for a spherical ion is

Fp = -6ii'r\rv (1.3)

where, q is the ion charge, r\ is the solution viscosity, r is the ion radius, and v is

the ion velocity. A steady state is attained during electrophoresis, where the two

forces are equal, but in opposite directions

qE = 6KT]rv (1.4)



Solving for velocity and substituting Equation (1.4) into Equation (1.1) results in

Equation (1.5), which describes the mobility in terms of physical parameters

=  (1.5)
6nr\r

Both the size and charge of the analyte determines the analyte mobility: a small,

highly charged analyte will have a high mobility, whereas a large minimally

charged species would have a low mobility.

Electroosmotic Flow

The electroosmotic flow (EOF) is one of the most important and unique

features of CE. The EOF essentially acts as an "electric field"-driven pump that

may be considered analogous to the mechanical pump used in HPLC. An EOF

pumping system is much simpler than a mechanical pump (i.e., no moving parts

to wear out), however it cannot be controlled as effectively as a mechanical

pump. In the late 1800s, Helmholtz first introduced EOF through experiments

involving the application of an electrical field to a horizontal glass tube containing

an aqueous salt solution [27].

Under aqueous conditions, most solid surfaces possess an excess of negative

charges. For fused silica, the numerous silanol groups (SiOH) mostly control the

charge on the inner wall that can exist in anionic form (SiO ). As shown in Figure

(1.2a), the ionized silanol groups will attract cationic species from the buffer. An

ionic layer is formed that has a positive charge density, which decreases

exponentially as the distance from the wall increases. The
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Figure 1.2 Schematics describing electroosmotic and laminar flow: a.) the
hydrated cations accumulating near the surface of the fused-silica capillary
column, b.) the bulk flow towards the cathode upon application of the electric
field, and c.) laminar flow due to the shear force at the wall.



double layer formed closest to the surface Is termed the "inner Helmholtz or

Stern Layer" and is essentially static. A more diffuse layer formed in the process

is termed the "Outer Helmholtz plane" (OHP). Under an applied field, cations in

the OHP migrate in the direction of the cathode carrying waters of hydration with

them, thus creating a bulk flow of the running buffers.

The magnitude of the EOF can be expressed in terms of velocity, Vgof, or

mobility, |j,eof, by the following equations:

VEOF={'^^h)E (1.6)

or

^EOF={^^h)

where is the zeta potential, which is the electric potential across the interface of

a solid and a liquid, and e is the dielectric constant.

An advantageous feature of the EOF is the flat profile of the flow, as

illustrated in Figure (1.2b). The driving force of the flow is uniformly distributed

along the capillary. No pressure drop in the capillary is observed, which results

in the flow being approximately uniform throughout. This flat profile is beneficial

for obtaining the high efficiency separations observed in CE, because it does not

directly contribute to the dispersion of solute zones. In contrast, the mechanical

pump used in HPLC yields a laminar flow due to the shear force of the wall

(shown in Figure 1.2c). In a pressure driven system, the flow, profile is parabolic.



with the flow velocity being zero at the wall and twice the mean velocity at the

center. With the EOF the flow only drops off short distances into the solution,

hence it is relatively unimportant to the overall separation process (i.e. other

dispersive processes dominate).

The EOF affects the amount of time a solute resides in the capillary, thus

affecting both the separation efficiency and resolution of the solutes. As depicted

in Figure (1.3), the EOF causes movement of nearly all species in the same

direction. Under normal conditions (i.e., when the wall is negatively charged), the

flow is from the anode to the cathode (cathodic flow). In a CE run, cations

migrate the fastest, neutrals are all carried at the velocity of the EOF but are not

separated from each other, and anions migrate slowest since they are attracted

to the anode but are still carried by the greater EOF toward the cathode.

Additionally, the EOF results in better resolution of anionic solutes that migrate

against the flow, whereas the cationic solutes will be more poorly resolved (see

below). A disadvantage of the EOF is that its magnitude depends on the ionic

state of the capillary wall, which is difficult to control. Consequently, the

inconsistencies in EOF result in poor retention time reproducibility.

Analytical Parameters

Migration Time

The migration time is defined as the time required for a solute to migrate

to the point of detection. The migration time and other experimental parameters
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Figure 1.3 Schematic depicts the affect of EOF on separation. Velocity (v)
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electroosmotic flow (eo) towards the cathode.
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can be used to calculate the apparent solute mobility

\^a=ytE = ̂YtV
and

M-fl Me MbOF ("^ *9)

where, V is the applied voltage, I is the effective capillary length (to the detector),

L is the total capillary length, t is the migration time, and E is the electric field. In

the presence of EOF, the measured mobility is called the apparent mobility (pj.

The effective mobility, (pg), can be obtained by measuring the EOF with a neutral

marker that moves at a velocity equal to the EOF.

Resolution

In any separation technique, the ultimate goal is resolution, which in

electrophoresis is based on the difference in solute mobility. The simplest way to

characterize resolution is to divide the difference in migration distance by the

average peak width,

R^^2{xp-x„)
(w,+w,)

Where x, is the migration distance of the analyte I, and the subscript 2 denotes

the siower moving component, and w is the width of the peak at the baseline.

In CE the solute zones are usually very sharp (i.e., very efficient),

therefore small differences in solute mobility (< 0.05 % in some cases) are often

12



sufficient for complete resolution. The resolution of two zones in the presence of

EOF can be written as

1/2

7t (1.11)

where, p,e are the electrophoretic mobilities of the two solutes, V is applied

voltage, D is solute's diffusion coefficient, and i^eof's the EOF mobility. When the

EOF balances the electrophoretic migration excellent separation is obtained,

however at the expense of analysis time.

Efficiency

In CE, efficiency is the most important parameter to consider for

separations, whereas in chromatography usually selectivity is the most important

parameter. For a Gaussian peak, the baseline peak width (wj defines

dispersion, which is a result of different solute velocities within the band zones

w, =4a (1.12)

where, a is the standard deviation of the peak. The efficiency is commonly

related to the number of theoretical plates (N) that can be obtained

N =
Vay

(1.13)

which, can be related to the height equivalent to a theoretical plate (H) by

H ='Ik (1.14)
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where, L is the capillary effective length.

Under ideal conditions in CE (i.e., small injection, no solute-wall

interaction, no Joule heating etc.), the dominant contribution to the decrease in

efficiency is longitudinal diffusion (along the length of the capillary). The radial

diffusion (across the capillary) is unimportant due to the plug-flow profile that is

characteristic of EOF (see Figure 1.3). The efficiency can be related to the

molecular diffusion term in chromatography

=2Dt = 2DlLl\iJ (1.15)

where D is the diffusion coefficient of the solute. Substituting Equation (1.15) into

(1.13) yields a fundamental electrophoretic expression for plate number

\XeVl UeEl
N = = (1.16)

2DL 2D

As can be seen from Equation (1.16), higher fields yield higher efficiency: this

higher efficiency is because the solute spends less time in the capillary.

Additionally, large molecules such as DNA, which have low diffusion coefficients,

will exhibit less dispersion than small molecules.

Although longitudinal diffusion uitimately defines the limit of efficiency,

under non-ideal experimental conditions, several sources can contribute to zone

broadening. Both Joule heating and unleveled running-buffer reservoirs can lead

to laminar flow, which increases radial diffusion that is irrelevant under plug flow

conditions. Injection lengths that are longer than the diffusion-controlled zone

length can lead to an additional zone broadening. Interaction of the solute with

the capillary walls often results in severe peak tailing, which is a major problem
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when analyzing cations, such as proteins. Often the conductivity of the sample

and the running buffer do not match, which resuits in either fronted or tailed

peaks. Finally, the detector cell size should be small relative to the peak widths.

Experimentally, N can be calculated by using the width at half-height of a

Gaussian peak

t
\2iV

'1/2

= 5.54( y (1.17)
w.

where t^ is the retention time and w^/g is the width at half-height.

Select Modes of CE

A family of specialized modes of operation has evolved that collectively

constitute "capillary electrophoresis." The most frequently used modes of

capillary electrophoresis are capillary zone electrophoresis (CZE), micellar

electrokinetic chromatography (MEKC), capiilary gel electrophoresis (CGE),

capillary isoelectric focusing (CIEF), and capiliary isotachophoresis (CITP). One

of the advantages of CE is the availabiiity of different modes that expands its

versatility. Changing modes often requires only changing the running buffer,

since the same fused-silica capillary can be used for more than one mode. An

extensive amount of work has been reported on each of the above modes,

consequently only the modes that have been utilized for the work reported herein

will be discussed further.
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Capillary Zone Electrophoresis

Capillary zone electrophoresis (CZE) or free-solution electrophoresis is the

most widely used mode due to its simplicity of operation and its versatility. The

name CZE is somewhat misleading because it infers that it is the only mode

where "zonal" electrophoresis occurs; however other modes like micellar

electrokinetic chromatography are also "zonal" electrophoresis modes. In CZE,

the capillary and the inlet and exit reservoirs are filled with an electrolyte-running

buffer of constant composition. Separation occurs because the solutes migrate

in discrete zones at different velocities. As can be seen from Figure (1.4), both

cationic and anionic solutes can be separated in CZE, because of the EOF.

However, neutral solutes do not migrate and will co-elute with the EOF.

Electrophoretic mobility and thus the separations are mainly dependent on the

charge-to-size ratio of an ion and, to some extent, on its shape. CZE can be to

separate almost any ionic compounds that are soluble in the running buffer, such

as small inorganic anions, large biomolecules. Using non-aqueous buffers, water-

insoluble compounds can also be separated [28].

Micellar Electrokinetic Chromatography

As mentioned above, CZE cannot be used for the separation of neutral

compounds because they have no electrophoretic mobility. However, additives

can be incorporated into the running buffer to aid in the separation of neutral

compounds. In this approach, a charged species acting as a pseudo-stationary

phase is added to the running buffer. Separation of neutral analytes occurs as a
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result of partitioning with the additive, which has a mobility different than the

electroosmotic mobility. Terabe was the first to use micelles as additives for

separations in CE [29]. This technique is known either as micellar electrokinetic

chromatography (MEKC) or micellar electrokinetic capillary chromatography

(MECC) [30]. MEKC has become one of the most widely used modes of CE.

Terabe and Quinino have recently provided an excellent review of electrokinetic

chromatography [31].

In MEKC, separation is accomplished by the use of surfactants in the

running buffer. Most often, sodium dodecyl sulfate (SDS) is added to the running

buffer at a concentration above its critical micelle concentration (CMC). SDS is

comprised of a hydrophobic tail and a negatively charged, hydrophilic head. As

the concentration of SDS is increased to 8 mM in water (the CMC in water),

individual surfactant molecules begin to interact with each other to form micelles.

The hydrophobic tails line up and exclude water, while the charged head groups

orient toward the surface of the aggregates (Figure 1.5a). The resulting micelles

are hydrophilic on the surface but hydrophobic on the interior.

The MEKC process is depicted in Figure (1.5b). The micelles formed,

which have an anionic character, have an electrophoretic mobility that is directed

toward the anode. Analytes partition between the aqueous phase and the

micellar phase, which is analogous to a stationary phase in HPLC. Commonly,

MEKC is performed with an EOF that is faster than the migration velocity of the

micelles, therefore the electrophoretic mobility of the SDS micelles is less than

the EOF mobility and they move slowly toward the cathode. An elution window
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micelle and b.) schematic of the MEKC process.
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is generated because the micelles are actually moving during the separation

process. Often organic modifiers, such as methanol or acetonitrile, can be added

to the micellar-running buffer to influence solute partitioning with the micellar

phase and also to increase the elution window by slowing EOF. For neutral

analytes, the elution window is defined as the time between the EOF time, t^, and

the micelle migration time, t,^,.- Neutral analytes that partition between the two

phases will migrate at an intermediate time.

During the migration, the micelles can interact with the solutes through

both hydrophobic and electrostatic interactions. Although originally developed for

the separation of neutral compounds, MEKC has been used for separation of

charged compounds that have similar electrophoretic mobilities. Depending on

the nature of the additive, partitioning can be based on a combination of

hydrophobicity, ionic attraction, and hydrogen bonding.

Cyclodextrin Capillary Electrophoresis

Chirality is very important in pharmaceutical, biotechnological, chemical,

and agricultural activities. The subtle differences in the chiral forms of molecules

may result in different pharmacological effects in biological systems by

determining the pathways of metabolism, disposition, and physiological effects

[32]; The racemic drugs may exhibit quite different activity from the optically pure

drugs. Often only one of the enantiomers is pharmacologically active and in

some instances the other can be toxic. CE has become an attractive technique
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for chiral separations and cyclodextrlns (CD) have become one of the most

popular electrophoretic chiral selectors [33].

Native CDs, as shown in Figure (1.6a), are neutral cyclic oligosaccharides

consisting of 6-13 glucopyranose rings. CDs with 6-8 rings, called a-,p-, and y-

cyclodextrin, respectively, are currently used most often in CE separations. Out

of these three, p-CD is usually the most effective agent because of its

intermediate size. Additionally, a mixture of the CDs can be used to optimize

separations. The shape of the cyclodextrin molecules resembles a truncated

cone (Figure 1.6b). The diameter of the cavity increases with the number of

glucopyranose units. The increase in the cavity volume with the number of

glucopyranose units is reflected in the number of water molecules filling the

cavity, which are replaced by the analyte molecules during the partitioning

process.

CDs are dissolved in the CE running buffer and offer separation systems

with high separation efficiency and reasonable selectivity. CDs do not interfere

with absorbance detection because they have minimal UVA/is absorbance above

200 nm. However, the stability of their aqueous solutions is limited, which

requires fresh solutions to be prepared daily. In one-dimension, obtaining

optimum separation of enantiomers using CDs can be difficult due to the

interactions between the enantio- and general-separation mechanisms, which is

demonstrated and discussed in Chapter 3.
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Enantio-selectivity is a result of some combination of interactions between the

CD and the chiral compounds. For example, interactions could involve

hydrophobicity, size, shape, hydrogen bonding and/or dipole-dipole forces.

Factors that can be optimized to improve chiral selectivity are CD concentration,

solution pH, and the size of the CD. Additionally, CDs can be chemically

modified to alter selectivity (e.g., methyl groups).

In the case of using native or derivatized, non-charged CDs, the migration

is illustrated in Figure (1.6b). The analytes can either include completely or

include by their hydrophobic parts into the relatively hydrophobic cavity of the

CD. Because of the two openings in the CD, the guest compound can penetrate

into the cavity from either side. The versatility of the separations can be

extended by incorporating CDs into other modes of CE, such as MEKC.

Injection Techniques

The basic instrumental design was discussed previously and is shown

schematically in Figure (1.1). The simplicity of the instrumentation is one of the

advantages of CE and much of it does not require further explanation. However,

due to the uniqueness of the injection techniques, they will be briefly described

below.

In CE, minute volumes of sample are loaded onto the capillaries to

maintain the high efficiency. The sample plug length is a more critical parameter

than the volume. Commonly, the sample plug length is less than 1 to 2 % of the

total length of the capillary, which corresponds to an injection length of a few
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millimeters (1 to 50 nL depending on the capiliary diameter). The small volumes

injected are an advantage when a limited sample volume is available, however

the small volumes put constraints on detector designs that may limit the

sensitivity that can be obtained by conventional detection techniques.

Aiternative injection techniques have been developed that allow up to 80 % of the

capillary to be filled; subsequently, the analytes are concentrated on-column [34,

35]. However, many of these techniques can not be universally applied and they

are almost always more difficult to use. The two commonly used quantitative

injection techniques are hydrodynamic and electrokinetic injection.

Hydrodynamic Injection

Hydrodynamic injection is the easiest and the most widely used injection

technique, as well as the technique that is used exclusively for the work reported

in this dissertation. Typically for siphoning injections, the sample reservoir is

raised 5 to 10 cm relative to the exit reservoir. The capillary inlet is placed into

the raised sample reservoir for 10 to 30 seconds; subsequently, it is placed back

into the inlet buffer reservoir prior to appiication of the CE running voltage.

The volume of sample loaded will be a function of the capillary

dimensions, the viscosity of the buffer in the capillary, the applied pressure, and

the time. The volume can be calculated using the Hagen-Poiseuille equation

APd'n t
Volume = — (1.18)

1287] L
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where AP is the pressure difference across the capillary, d is the capillary inside

diameter, t is injection time, t) is the buffer viscosity, and L is the total capillary

length. For the commonly used siphoning injection the volume injected can be

calculated from

H td^
Volume = 2.S4 X10'^ (1.19)

L

where H is the height to which the sample is raised in millimeters relative to the

exit reservoir. Up to a point efficiency improves with decreasing injection lengths,

however injection reproducibility is usually diminished with short injection lengths.

For commercial instruments, injection reproducibility can be better than 2 %

relative standard deviation (RSD).

Electrokinetic Injection

In electrokinetic injections, an electric field is applied between the sample

vial and the exit reservoir, which causes the sample components to migrate into

the capillary. Usually a field strength is applied, which is 3 to 5 times lower than

that used for the separation. Neutral molecules are pulled into the capillary by

the EOF, whereas charged solutes move into the capillary because of both EOF

and electrophoretic migration. Discrimination occurs for ionic species since the

more mobile ions are loaded to a greater extent than those of lesser mobility.

The quantity injected, Q, is given by

Q=Vnctr' (1.20)
L
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where V is the injection voltage, c is the sample concentration, t is the time the

voltage is applied, r is the capillary radius, |lIep is the electrophoretic mobility of

the solute, and )lIeof is the electroosmotic mobility. Sample loading is dependent

on the EOF, sample concentration, and sample mobility. Generally,

electrokinetic injections are not as reproducible as hydrodynamic injections.

Detection Techniques

The design and development of sensitive and selective detectors has

been a major challenge in CE research [36,37]. The same characteristics that

make CE an attractive separation technique, likewise make detection difficult.

The high separation speeds result in a reduced residence time for the analytes in

the detection zone. Commonly, to preserve the high efficiencies, detection is

performed on-column where the small capillaries hinder detector interfacing, and

result in reduced sensitivities for pathlength-dependent techniques. While an

enormous amount of research has gone into detector development for CE,

improvements are needed for CE to reach its full potential as an analytical

technique.

A variety of detection techniques have been applied to CE; the limits of

detection (LCD) of several are compared in Table (1.1). The following discussion

will be limited to three optical detection techniques: UVA/is absorbance, laser-

induced fluorescence (LIP), and Raman-based detection.
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Table 1.1 LODs for different CE detection techniques

Detection Technique Typical
LOG (M)

References

Direct absorbance 10"® 38

Indirect absorbance 10"® 39

Photothermal Refraction 10"® 40

On-column LIF 10-13 38,41,42
Post-column LIF 10-16 43

Indirect LIF 10"' 44

Potentiometry 10"® 45

Conductivity 10"^ 46

Amperometry 10"® 47

Refractive index 10"® 48

Raman 10"® 49

Surface-enhanced Raman 10"^ 50

Nuclear-Magnetic
Resonance

10"' 51

Radioisotope 10-10 52

Laser-induced capillary
vibration

10"® 53

Electros pray MS 10"^ 54

Matrix-assisted laser

desorption MS
10"' 55
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Out of these three techniques, UVA/is absorbance is the most common, LIF is

the most sensitive, and Raman provides the most information-rich spectra.

The absorbance and fluorescence processes are nicely illustrated in the

Jablonski diagram in Figure (1.7). Absorption results in an electronic transition

from the ground singlet state (Sq) to a different vibrational level in the first or

higher excited electronic state (S^ or S2, respectively). Molecules in the excited

states rapidly dissipate their excess energy. This can occur through a non-

radiational process such as vibrational relaxation. Alternatively, the molecules

can dissipate this energy through a radiational process such as fluorescence.

In the Raman process, illustrated in figure (1.8), a beam of intense

monochromatic light passes through a sample that contains molecules. Most

interactions of the incident photons with the sample molecules are elastic

(Rayleigh scattering): the scattered light is of the same energy as the incident

radiation. A small portion of the excited molecules may undergo a change in

polarizability during one of the normal vibrational modes, which provides the

basis for the Raman effect. In Raman scattering, the scattered radiation is of a

different energy than the incident radiation. The incident radiation raises the

molecule in the ground state or thermally-populated excited vibrational state to

an intermediate level called a virtual level, which does not correspond to a real

energy level of the atom or molecule. If the molecule remits by returning not to

the original vibrational state, but to a different vibrational level of the ground

electronic state the emitted radiation is of lower energy (Stokes) or higher
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energy (anti-Stokes) than the incident radiation. This provides a richly detailed

vibrational spectrum of a molecule. Resonance Raman, as shown in Figure

(1.8), occurs when the frequency of the exciting radiation coincides with or is in

the region of an electronic absorption band. Resonance Raman lines can be 10^

to 10'* times more intense than in ordinary Raman [56].

Ultraviolet and Visible Absorption

Absorbance detectors are by far the most commonly used on-column

detectors for microseparations. Their popularity is a result of the wide availability

of commercial instruments. With only a slight modification, HPLC detectors can

be used for CE experiments. Additionally, a large number of compounds absorb

in the UVA/is region of the electromagnetic spectrum. Basically all organic

molecules have some absorption in the deep UV (160 to 180 nm), however

access to this region is problematic due to absorbance by the optics and by

ambient air. Fortunately, a large number of organic compounds can be detected

in the 195 to 254-nm region, which is readily accessible. Unfortunately, in this

region the molar absorptivity of many compounds is relatively low, resulting in

poor S/N ratios for compounds that do not include pi bonds.

The accessible UV/Vis region from 200 to 800 nm, corresponds to

energies of about 150 to 36 kcal mole"* [57]. Energy of this magnitude

corresponds to the energy difference between electronic states of molecules. For

example, the common electronic transitions are from pi bonding orbitals to pi

antibonding orbitals (tt ->Tr*) and from nonbonding electrons to pi antibonding
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orbitals (n-^Tt*). Wide ranges of compounds containing the foilowing functional

groups exhibit these transitions: carbonyls, carboxylates, and esters to mention a

few.

in a CE UVA/is instrument, the lamp output is directed through an aperture

and onto the detection region of a fused-silica capillary, which has had the

poiyimide coating removed. Wavelength selection is achieved by use of either

optical filters or a diffraction grating. The transmitted radiation is directed onto a

detector, usually a photomultiplier or a diode-array detector (DAD). When light

passes through the absorbing molecules in the detection region, the extent of

absorption depends upon the number of photon-absorbers present. A decrease

in the intensity of the transmitted light reaching the photo detector is observed,

when an absorbing molecule absorbs a photon and is promoted to an excited

electronic state. The signal is processed and either sent to an integrator or a PC

based data collection system, which is used to create an electropherogram.

In absorbance detection, the absorbance of a solute is dependent on path

length, b, concentration 0, and molar absorptivity, e, as defined by the Lambert-

Beer law

LogIJI-A = zbC (1-21)

where i^ is the intensity of radiation incident upon the sample, i is the intensity of

radiation emergent from the sample, and A is the measured sample absorbance.

The major limitation of absorbance detection in CE is poor limits of

detection (LCD), generally in the 10*^-10 ® M range. A fundamental limitation of
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absorbance measurements is the fact that one is looking for a small difference

between two relatively large signals. Additionally, the short on-column pathlength

in CE exacerbates the limitations of the technique making solutes with poor

absorptivity even more difficult to analyze. There have been several approaches

to improve detector performance, one of which is to extend the absorbance

pathlengths through bubble or Z-shaped detection cells. These techniques can

improve the S/N by factors ranging from 3 to 10. Reproducibility for UVA/is

detection can be better than 2 % RSD [38].

Many times migration time or mobility measurements are insufficient to

confirm peak identity. Therefore, ideally the detection technique would provide

spectral information for analyte identification. As a general rule, the UVA/is

region of the electromagnetic spectrum is a poor region for compound

identification, due to the lack of structural information and to the broad absorption

spectra typically encountered in the liquid phase. Because rotational and

vibrational modes will be found combined with electronic transitions, the UV/Vis

spectrum is a function of the entire compound rather than specific bonds.

However as mentioned previously, a diode-array detector can be employed in CE

analyses to obtain a UV/Vis spectrum. In certain instances the UV/Vis spectra

can be helpful in analyte identification when related to migration times. For

example, in the analysis of dyes for forensic samples, the UV/Vis spectra help

discriminate between dye components and background peaks by comparing the

sample spectrum to a library spectrum [58].
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Laser Induced Fluorescence

Laser induced fluorescence (LIF) methods have some of the best

performance characteristics of any CE detection mode in terms of linearity,

sensitivity, and limits of detection. The LODs for the best CE/laser-based

systems are below 10'^^ M or mass LODs of less than 10 molecules [38,41,42].

Moreover, single molecule detection has been demonstrated for CE using LIF

[43].

Typically, LIF has been limited to research laboratories because of the

lack of commercial instruments, and the fact that fluorescence is less universal

than UV-Vis absorption. A fluorescence system typically consists of an excitation

source, optics to focus the excitation source onto the capillary or other sample

cell, collection optics, and the detection system. Much of the work published

deals with methods to convert samples into fluorescent forms (i.e, derivatization,

either pre-, on-, or post-column) [59]. Nevertheless, some compounds do exhibit

native fluorescence under the correct conditions. Swaile and Sepaniak were the

first to demonstrate native fluorescence with on-column detection using a UV

excitation (frequency doubled Ar-ion laser-257 nm) [41]. Unfortunately, when

native fluorescence is used the signal is often weak and the background signal

can be high, leading to poorer signal-to-noise ratios than those produced by

fluorophore-tagged analytes. Additionally, the UV lasers needed to produce

native fluorescence in many compounds are expensive and not readily available.
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The quantitative relationship between fluorescence intensity and

concentration may be derived from Beer's law [60]. The fundamental equation

for fluorescence intensity at low absorption (i.e. at low sbC) is

F = 2.3,1,^, mg{X)zbC (1.22)

where 1^ is the incident radiation, (l)p is the fluorescence efficiency, f(0) represents

the geometrical factor as determined by the solid angle of the fluorescing

radiation subtended by the detector, g(X) defines the sensitivity of the detector as

a function of the fluorescent wavelength incident on it, and ebC is the molar

absorptivity, path length, and concentration, respectively.

Unlike when UVA/is absorption is used for detection, the limitations of the

short pathlength in CE can be compensated by increasing the source irradiance.

As detailed in Equation (1.22), a linear dependence exists between the intensity

of fluorescence and the excitation intensity. Thus, the signal-to-noise can be

increased by working at high excitation intensities (the "fluorescence

advantage"). In LIF-CE measurements, lasers are used as the excitation source

because they increase the sensitivity of the technique and they allow the systems

to be miniaturized to the smallest diameter capillaries.

Typically when LIE is used for detection in CE, most attention is focused

on detection limits and not obtaining spectral information. This is due to the fact

that fluorescence from samples in the liquid-state solutions (as with UVA/is

absorption spectra) is rather featureless, and provides little structural information.

Nevertheless, as with UV/Vis absorption, wavelength resolved emission could be
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used in some cases for analyte identification in CE analyses [61]. Additionally,

wavelength resolution can be exploited to discriminate between sources of

interferences and/or to increase the S/N ratios. Fluorescence line narrowing,

which is fluorescence obtained at ultra-low temperatures, has been used in CE to

produce spectra that show sufficient structure to enable discrimination of closely

related compounds [62].

Raman

The advantage of Raman spectroscopy over LIE and UVA/is absorption

detection is its ability to provide information-rich spectra, which reveal detailed

information about the vibrations of the separated molecules. The vibrations are

specific to functional groups in a molecule, therefore the Raman spectra are

useful for analyte identification, as well as the ability to elucidate the structures of

unknown compounds. In many cases combining the migration time with the

Raman spectrum would allow for unambiguous identification of the analytes.

Unfortunately, the analytical potential of Raman as a detection technique

is poor due to the extremely small cross section for Raman scattering. In Table

(1.2) the typical cross-sections for UVA/is absorption, fluorescence, Rayleigh

scattering, and Raman scattering are presented. Very little credence is given for

a CE-Raman system if no analyte enrichment or signal enhancement can be

achieved. The sample analytes could be either concentrated prior to CE
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Table 1.2 Cross-sections for various photophysical processes [68]

Process a (cm^)

UV absorption 10-18

Fluorescence 10-19

Rayleigh Scatter 10-26.

Raman Scatter 10-29

Reference: Stevenson, C.L.; Vo-Dinh, T. Modern Techniques in Raman

Spectroscopy, Laserna, J.J. Ed, John Wiley and Sons, Chichester, 1996, pp 22.
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analysis or they could be concentrated in the capillary by a number of analyte

enrichment techniques [34,35]. Theoretically, higher laser powers and/or longer

acquisition times could also enhance the S/N. In on-column detection, longer

acquisition times are not an acceptable option due to the short residence time of

the solute zone in the detection region. However, if off-column detection is

utilized, longer acquisition times could be used to increase the signal-to-noise.

Resonance Raman and surface-enhanced Raman scattering (SERS) are two

modes that are commoniy employed to enhance the Raman signal [56,63].

Resonance Raman can be used to give enhancements of 10^ to 10"* by using an

excitation wavelength that is near coincident with the molecular resonance of the

analyte of interest. A problem with resonance Raman is that interference from

fluorescence can occur in the same wavelength region. Surface-enhanced

techniques, which occur when the analytes are in close proximity to certain metal

surfaces, commonly give enhancements of 10® or higher and for certain

instances SERS has been utilized for single molecule detection. Potentially,

SERS-based detection is capable of sensitivities that rival those of LIF, with the

added benefit of producing detailed spectra.

A brief discussion of the classical theory of light scattering can provide a

better understanding of the Raman process and of the SERS process, which will

be discussed further in Chapter 4. An incident light beam induces an oscillation

dipole, ji, in a particle which scatters light at the frequency of the dipole

oscillation. The fundamental frequency component of the dipole moment can be

represented by Equation (1.23):
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jj,(0 = P.°cos(2tev0 (1-23)

where v is the dipoie oscillation (i.e., scattering) frequency, and \x° is the

maximum induced dipoie moment for a given frequency component of p. The

induced dipoie moment can be approximated as:

(1-24)

where, P is the polarizability of the molecule and Emc is the incident electric field

intensity. The polarizability is a term that relates the ease with which molecular

orbitals are deformed by the presence of an external field. For a vibration to be

Raman active there must be a change in polarizability during the vibration.

Due to the complexity of the scattering process, it is difficult to develop a

fundamental equation relating the Raman intensity to molecular parameters. The

following equation gives important parameters that influence the radiant power of

Raman scattering (j)R [64]:

(1.25)

where a(VeJ is the Raman cross section in cm^, n, is the number density in state

i, and the exponential term is the Boltzmann factor for state i. The light source

used for Raman scattering has been shown to be very important. Because the

Raman signal is directly proportional to the source irradiance E^, lasers are

employed almost exclusively in modern Raman spectroscopy. Additionally, the

Raman intensity is highly dependent on the frequency of excitation, .

Therefore, the lower the wavelength of excitation radiation the higher the Raman
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intensity, aithough many times fluorescence at the lower wavelength competes

with the Raman scattering.

An advantage of using Raman in CE is that it uses instrumentation similar

to LIE; additionally many laboratories are equipped with Raman instrumentation.

The instrumentation required to measure Raman scatter includes a

monochromatic excitation source, a high-resolution dispersive element, an

appropriate single-channel or multichannel detector. Typically, the excitation

source is a laser, which is passed through optical filters to reject unwanted

plasma lines and directed onto the sample (capillary with polyimide removed,

liquid cell, or solid substrate). The scattered light from the sample is collected

through the appropriate optics and focused onto entrance slit of a dispersive

element. The dispersive element is either scanned and a photomultiplier tube

(PMT) detects the Raman scatter or the Raman scatter is dispersed by a

spectrograph onto a multichannel detector, such as a charge-coupled device.

There are several examples in the literature of normal Raman being

applied to CE and related techniques. Most recently, Walker et ai. monitored the

separation of herbicides on a glass microchip by employing isotachophoresis

techniques to concentrate the sample [65]. Raman Isotachopherograms of the

pesticides at concentrations as low as 2.3 x 10'^ M were obtained. Morris et al.

used normal Raman spectroscopy as an on-line detector for CE [66]. Sub-ppm

mixtures of nitrate and perchlorate samples were separated and detected after

performing sample stacking to concentrate the sample. Additionally, Raman has
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been used as a diagnostic tool to measure steady state and transient

intracapillary temperature gradients during CZE [67].

CE Research and Development Needs

For the past 20 years, researchers have been establishing capillary

electrophoresis as the foremost technique for performing high-efficiency liquid

separations. However, throughout those years, a prevailing limitation of CE has

been poor retention time reproducibility, which is exacerbated when analyzing

complex samples that are present in minute volumes. The poor reproducibility

can be linked to inconsistencies in the EOF. In CE, the separated peaks must

be identified by their migration times and/or from a characteristic-detector

response. As previously noted, the conventional detection techniques,

absorbance and fluorescence, routinely do not provide detailed spectra from

which the separated compounds can be identified. Therefore, the design and

development of a more selective spectroscopic detection technique for CE would

be beneficial when analyzing complex samples. Several detection techniques

that are excellent for analyte identification are not easily amenable to the on-

column format. For example, matrix-assisted laser desorption/ mass

spectrometry and surface-enhanced Raman scattering are detection techniques

that have been used extensively to provide information-rich spectra, however

typically these techniques are used to detect compounds on planar substrates.

Consequently, a CE technique is needed that will preserve the high-efficiency
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separation on a planar substrate, subsequently allowing a variety of powerful

detection techniques to be employed.
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Chapter 2. DESIGN AND OPTIMIZATION OF
ELECTROFILAMENT DEPOSITION

Introduction

In conventional CE, the injected sample is separated and detected on-

column, after which the effluent is discarded in the exit-buffer reservoir.

Consequentiy, the opportunity for additional analyses of the separated

compounds is essentially lost. The technique reported in this chapter wili

effectively preserve the separation by depositing the effluent onto a planar

substrate. As a result additional analysis, such as two-dimensional separations

or surface-enhanced Raman scattering-based detection, can be performed.

Off-column methods of detection can be tedious and compromise

separation efficiency. There are, however, numerous advantages to the off-

column approach. These include long time constants or signal averaging to

improve detectability or acquire spectra, the possibility of using detection and

separation conditions that are not compatible, and the possibility of using slow

and/or multiple step post-separation derivatization chemistries to facilitate

detection. In addition to traditional detection techniques such as absorbance and

fluorescence, detection on planar substrates has been performed using a variety

of information-rich techniques [69]. Matrix assisted laser desorption mass

spectrometry (MALDI/MS) [70], Fourier transform infrared spectroscopy (FTIR)

[71], and surface-enhanced Raman scattering (SERS) [56] can provide detailed

spectra and specific structural information that could be used for analyte

43



identification and structurai elucidation. Additionally, such techniques as post-

column radionuclide detection [72], chemiluminescence [73], fluorescence line-

narrowing [74], photoacoustic spectroscopy [75], and secondary ion mass

spectrometry (SIMS) have been used for detection on planar substrates [76].

Deposition Techniques for Coiumn Chromatography

When depositing effluent from a chromatography coiumn, the foremost

concern is the preservation of the on-column separation. There are several

parameters that can contribute to band broadening during deposition. For

example, the diameter of the deposited track must be minimized to maintain the

separation efficiency. When spray techniques are employed to deposit

chromatographic effluent, the width of the deposited track adds to the overall size

of the deposited band. The track width is expected to be at least as wide as the

diameter of the spray. For a given set of conditions as the diameter of the track

increases, the efficiency and resolution are decreased. For example, if the spray

had a diameter of 50 pm and the deposited band was 50 pm x 150 pm, the

deposition technique would contribute 33 % to the length of the deposited band.

This increases to 67 % for a 200-pm diameter spray for the same band.

Essentially, two different approaches can be used to collect the on-coiumn

effluent for further analyses: fractions can be collected as they elute from the

coiumn or the entire effluent can be comprehensively deposited so as to

preserve the separation in time and space [77]. The following discussion will be

limited to comprehensive deposition techniques. A variety of deposition

44



techniques have been employed for high-performance liquid chromatography

(HPLC) and for CE. These techniques can be separated into two categories,

either direct-deposition techniques (also known as blotting) or spray techniques.

The majority of the work involving CE has been with direct-deposition techniques.

As early as 1990, Zare et al. used a grounded on-column frit to close the

CE circuit, which allowed the capillary outlet to be coupled to a moving piece of

filter paper [78]. Using this method, they were able to deposit the effluent along a

track on the filter paper, which became a record of the separation. Since Zare's

initial work, commonly the end of the CE capillary has been coated with a

conductive metal to complete the electrical connections to close the CE circuit

[79, 80]. In regard to maintaining separation performance, the most impressive

work was performed by Sweedler et al [81]. By continuously translating a

membrane underneath a metal-coated capillary, 350-pm wide tracks were

created, which demonstrated off-column separation efficiencies of 170,000

plates.

Spray techniques use either ultrasonic-based nebulization, gas-based

nebulization or electrically driven spray to deposit the effluent. Currently, the

only commercially available instrument is a HPLC-FTIR (Bourne Scientific, Inc.),

which operates under a vacuum and uses an ultrasonic nebulizer to spray the

HPLC stream onto a moving substrate [82]. The majority of the spray

techniques described in the literature use a spray jet assembly, which is based

on a conventional gas nebulizer that uses heated nitrogen to nebulize the effluent

onto a planar substrate. Typically, these spray assemblies are well suited to the
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high flow rates of HPLC. Due to the inherent width of the spray jet, these

techniques are not adequate for maintaining the high-efficiencies that are

characteristic of CE separations.

Conversely, electrosprays are more suited to the low flow rates of CE.

However, under conventional electrospray conditions, the width of the

electrospray is also too wide to preserve the on-coiumn CE efficiency. Two

applications of conventional electrospray for continuous deposition have been

reported. Beavis et al. used nebulizer-gas-assisted electrospray for the

deposition onto a substrate for subsequent SIMS analysis [83]. The nebulizer

gas increased the evaporation rate during the spray process and assisted with

the spatial focusing of the spray plume. An electrostatic field was used to further

focus the spray plume. For these experiments, the deposited spots had a

diameter of ~ 1 mm. McLeod et al. also used conventional ES for deposition of

analyte solutions [84]. However, their method suffered from poor performance,

because the spray had a diameter of ~ 1 cm.

Description of the Eiectrofiiament Process

In the work reported herein, a non-conventional form of ES has been

developed to deposit spatially focused CE effluent. In conventional ES, used for

introducing liquids into a mass spectrometer, an electric field is applied to a metal

capillary [85]. Subsequently, charge accumulates at the liquid surface and is

drawn toward the counter electrode such that a liquid cone forms (Taylor cone).

At a sufficiently high voltage (~ 2 kV for CH3OH solution), a liquid filament is
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emitted from the Taylor cone and small droplets form. At higher voltages (~ 3 - 5

kV), the liquid filament shortens and at a point that is 0 to 2 mm from the Taylor

cone, the Rayleigh limit is reached wherein the droplet charge overcomes

surface tension and the liquid filament rapidly expands (Rayleigh explosion).

Under these conditions a very fine mist (Figure 2.1a) is produce, which is more

optimal for sampling into a mass spectrometer and for production of gas phase

ions. In the work presented in this paper, an uncommonly used mode of ES is

employed to deposit spatially focused analyte bands from a CE capillary. I have

termed this the eiectrofiiament (EF) mode of electrospray. In contrast to the

conventional ES mode, a lower voltage (1.5 kV to 2.0 kV) is used, which

produces a narrow (-20 pm) liquid filament (Figure 2.1b) that extends from the

capillary to a non-conductive planar substrate (placed under a grounding mask)

without the occurrence of a Rayleigh explosion. Results of the evaluation of the

EF for depositing spatially focused effluent from a CE column are presented in

this Chapter.

Experimental

Chemicals and Materials

Unless otherwise noted, the chemicals used to perform the experiments

described in this chapter were purchased from Sigma Chemical Co. (St. Louis,

MO). The CE running-buffer solution was composed of 4-mM dibasic sodium

phosphate and 2.4-mM sodium tetraborate (pH - 9). For experiments invoiving
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injections of anthracene, 20% (v/v) acetonitrile (Fisher Scientific) was added to

the CE running buffer. In the micellar electrokinetic capillary chromatography

(MEKC) experiments, 5G-mM of sodium dodecyl sulfate (SDS) was added to the

CE running buffer. The EF liquid sheath solution was composed of 90%

methanol (Fisher Scientific, Pittsburgh, PA) /10% (v/v)CE buffer at pH ~7.

Fluorescein, eosin Y, and kiton red (Exciton, Dayton, OH) were diluted to the

specified concentration in water and/or methanol. Anthracene was diluted in

acetonitrile. The substrate used for collecting the deposited bands was

adsorbosil octadecyl modified RP-TLC plates (Fisher Scientific).

CE Separations

The CE apparatus was constructed in-house using a 30-kV high voltage

power supply (Gamma High Voltage Research, Ormond Beach, FL) operated in

constant voltage mode. Under normal CE conditions a running voltage of 15 kV

was used, this was increased to 17 kV when an EF voltage of 2 kV was applied.

Fused silica capillaries (Polymicro Technologies, Phoenix, AZ), 50 pm i.d., 360

pm o.d., and 40-50 cm in length were tapered to reduce the volume of the Taylor

cone, which subsequently reduces the mixing volume. The tapering procedure

consisted of placing one cleanly cut end of the fused silica capillary (see Figure

2.2a) into the chuck of a high-speed rotary tool (Dremel, Racine, Wl), to rapidly

rotate the capillary. The opposite end of the capillary was then drawn across a

piece of fiber optic polishing paper at a ~45° angle until the tip of the capillary

was tapered adequately (see Figure 2.2b).
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Hydrodynamic injections were made at a height of 10 cm for 10 sec. An in-house

fiber optic LIF cell was used for the on-column detection [86]. The cell is placed

immediately before the EF tee (~ 5 cm from the end of the CE capillary) used in

the EF apparatus. An argon ion laser (Uniphase, San Jose, CA) operating at 488

nm (10 mW) was focused onto the excitation fiber optic with a biconvex, 25-mm

diameter, f/2 lens. For the anthracene experiments, a helium-cadmium laser

(Omnichrome, Chino, CA) was used to supply the 325-nm laser line. The

fluorescence was collected by the emission fiber optic. The end of the emission

fiber was placed against a colored glass cut-on filter (518 or 428 nm), which was

directly in front of the photo-cathode of a photo-multiplier tube (PMT) (HC-120,

Hamamatsu Corp., Bridgewater, NJ). The signal from the PMT was directed to a

strip-chart recorder (model 302, Yokogawa Corp. of America, Newnan, GA)

and/or a data acquisition board (Nl SC-2071, National Instruments, Austin, TX).

For on-column experiments, the retention times (tr) were obtained from the

maximum of the peak profile. The theoretical plate numbers were calculated by

the tangent method (N = 16(tr/Wb)^) where: tr is retention time and Wb is the width

at baseline.

EF Deposition

The CE deposition system described in this chapter uses an interface with

a coaxial liquid sheath arrangement to deposit the effluent from a capillary

column (see Figure 2.3). The liquid sheath (10% CE buffer/ 90% methanol, v/v)

provides electrical contact between the EF capillary and the CE buffer, closing
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Figure 2.3 Schematic diagram of the EF deposition apparatus, (a) CE high
voltage power supply; (b) syringe pump to supply liquid-sheath solution; (c) EF
high voltage power supply; (d) heated aluminum block with substrate that is
translated under the EF.



the CE circuit. The liquid sheath flow (0.5 - 1.0 jjl/min) is supplied by a syringe

pump (Fisher Scientific, Pittsburgh, PA). The fluid is pumped through PEEK™-

tubing that is connected to a PEEK™-tee (Upchurch Scientific, Oak Harbor, WA).

The tapered fused silica capillary was passed through the on-column fiber optic

LIP cell, the tee, and an ~ 2-cm section of narrow bore (400 pm i.d. X 700 pm

o.d.) stainless steel (SS) tube (EF capillary) that was fixed to the tee. The

tapered-end of the CE capillary extended - 500 pm beyond the end of the SS

capillary. The tip of the capillary was mounted vertically (-1-2 mm) above the

substrate.

A stainless steel grounding mask (250 pm thick) with a 2-mm x 2-cm

machined slit was placed directly over the TLC plate substrate. The TLC plate

was mounted in an aluminum block that could be heated with a cartridge heater.

The aluminum block was mounted on a programmable translation stage (Klinger

Scientific, Richmond Hill, NY) that was electrically insulated from the block. The

TLC plate was translated under the EF tip at various rates. The EF voltage (1.5

- 2.0 kV) was supplied by a high voltage power supply (Tennelec, TC 950). A

helium-neon laser (Edmund Scientific, Barrington, NJ) was directed onto the

liquid filament to enhance visualization by a Panasonic KR222 video microscope

(Edmund Scientific, Barrington, NJ). This allowed us to observe and document

the physical characteristics of the EF. For the CE/EF deposition experiments, tr

was estimated from the on-column tr, taking into account the extra 5-cm of

column.
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Off-Column LIF Detection Instrumentation

Two off-column LIF systems were employed; a scanning PMT system and

a charge-coupled device (CCD) imaging system, which are illustrated in Figure

(2.4). An argon ion laser was used with a laser line filter to give a primary line of

488 nm (10 mW). The laser light was passed through a mirror (M3) with a 2-mm

diameter hole and focused onto the substrate with a biconvex, 25-mm-diameter,

f/1 lens. The programmable stepper motor was used to translate the substrate

under the focused laser beam. The substrate was attached to the stepper motor

by an XY stage, which allowed the deposited bands to be optimized relative to

the focused laser beam for maximum signal. The fluorescence and the scattered

laser light from the TLC plate was collected and collimated by the same f/1 lens

and directed through a cut-on filter (518 nm) and a holographic 488-nm notch

filter (Kasier Optical, Ann Arbor, Ml). A second f/1 lens focused the light onto a

PMT as described previously. A pen recorder and/or a data-acquisition board

were used to obtain hardcopies of the electropherograms.

The CCD imaging system is depicted in Figure 2.4b. An argon ion laser

(Coherent Innova 300, Santa Clara, CA) was used to supply the 488-nm light

(10-50 mW). The laser beam was expanded to a diameter of 2 cm using a 25-

mm, f/4 double concave lens. A cut-on filter was placed over a Navitar 7000

close focus zoom lens (Edmond Scientific, Barrington, NJ) attached to a model

ST-6 CCD imaging camera (Santa Barbara Instrument Group, Santa Barbara,
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CA), which had a 375 x 241 pixel array with a size of 23 x 27 pm. Once the CCD

image of the deposited bands was saved, the data was converted into ASCII

format and loaded into a spreadsheet or GRAMS 386 software (Galactic

Industries Corp., Salem, NH) for reconstruction of the electropherogram.

Results and Discussion

Evaluation of the Electrofilament

As previously discussed, when spray techniques are employed to deposit

chromatographic effluent, the width of the deposited track adds to the overall size

of the deposited band. For a given set of conditions, as the diameter of the track

increases the efficiency and resolution are decreased. The newly developed EF

technique deposits tracks that are ~ 100 pm in width. Since the liquid filament is

considerably narrower (~20pm), there is some broadening occurring on the

substrate. It may be possible to deposit narrower bands by employing a more

selective substrate than the TLC plate, which would effectively reduce the on-

substrate band broadening. By diluting the CE buffer with kiton red and EF

depositing onto a RP-TLC plate, a band size of 100 pm x 800 pm is commonly

obtained at a translation rate of 1.2 cm/min. Under these conditions, the EF

deposition technique is only contributing 13% to the total length of the deposited

band.
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Electrofilament Effects on the On-Column Separation Performance

Ideally, the deposition technique would not interfere with the on-column

separation. Interfacing CE with an ES ionization source for mass spectrometry,

under normal (Rayleigh explosion) conditions, has been well documented [87,

88]. The effects of the ES source on the CE separation have largely been

ignored until recently [89-93]. Migration irreproducibility and reduced separation

efficiency have been observed when ES is interfaced with CE. Reported reasons

for the reduced separation performance are moving ionic boundaries [89],

penetration of the liquid sheath by diffusion into the CE capillary, electrode

reaction at the ES capillary resulting in pH modification [90], and the effects of

the ES electric field that penetrates across the CE capillary [93].

When the LIF cell was used for on-column detection (~ 5.0 cm before the

EF tip) and the EF voltage (-1.5 kV) was applied, the following on-column results

were obtained: an increase in retention times, an extreme amount of peak tailing,

and a loss of peak height. One explanation for this behavior is that electrolysis at

the ES electrode results in changing conditions inside the CE capillary during a

run. To further investigate the temporal characteristics of this phenomenon, four

consecutive injections of fluorescein were made with 17-kV CE voltage applied

for 1.0 minute between each injection. After the fourth injection the CE voltage

and an EF voltage of 2.0-kV was applied for the remainder of the run. The

results of this experiment are shown in Figure (2.5). When compared to the

same experiment without the EF voltage, increased retention times, peak tailing,

and a loss in signal are observed with longer elution times. As expected the first
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Figure 2.5 Electropherogram showing the effect of the EF voltage on the LIP
on-column performance. Four consecutive injections, the fourth was not
detected, of 10-5 M fluorescein were made with the CE voltage applied for 1 min.
between each injection. After the fourth injection, the CE voltage and the EF
voltage were applied
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two peaks are separated by 1.0 minute, however the second and third peaks are

separated by approximately 2.0 minutes. The peak height decreased

substantially and the efficiency decreased by 55% between the first and third

injections, which represents ~ 6.0 minutes into the run. No signal from the fourth

injection was detected. Repetitions of the experiment shown in Figure (2.5)

resulted In the same general pattern of fluorescein peaks although migration

times varied somewhat. Differences are ascribed to manual timing of the

injections and the point at which the EF voltage is applied.

The results, presented In Figure (2.5), demonstrate a dynamic situation

where the EF process is affecting the on-column separation. An important

consequence of the electrochemistry in ES and in CE is an alteration of the

buffer pH. As demonstrated by Moini et al., when CE is interfaced with ES, the

electrochemical reactions at the CE outlet/ES capillary can be more complicated

than the individual processes of CE and/or ES [94]. Depending on the polarity of

the voltages, the pH at the capillary outlet could be increased or decreased,

which could have disastrous affects on the on-column separation performance.

In conventional CE, the electrolysis of water can change the pH in the buffer

reservoirs and inside the CE column [95]. Under cathodic-flow, the CE inlet

forms the anode and the grounded-outlet forms the cathode. Water reacts

according to:

Inlet: 2H2O = O2 + 4H^ + 4 e E°red (V vs. SHE) = -1.229

Outlet: 2H2O + 2e = H2 + 20H- E°red (V vs. SHE) = -0.828
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Normally, large buffer reservoirs (> 1 ml) are used in CE to substantiaiiy reduce

any pH changes. Under the conditions used herein, the effective outlet reservoir

volume (i.e. the Taylor cone) was observed with the video microscope to be <

100 nL. Therefore, any eiectrolysis occurring at the EF electrode will be

concentrated in a very small volume at the tip of the CE capiiiary.

Van Berkel and coileagues have reported changes as great as 4 pH units

in bulk solution caused by the ES voitage [96]. The foilowing ES reactions might

occur in positive ion mode:

40H- = 2H2O + O2 + 4e- E°red (V vs. SHE) = -0.401

2H2O = O2 + 4H^ + 4 e E°red (V vs. SHE) = -1.229

Cook and coworkers have monitored a decrease in the pH of electrosprayed

solutions by using LiF [97].

Over time, the electrolysis due to the voitages results in non-equiiibrium

conditions (e.g. pH gradient), which affect the on-column separation. For

example, lowering of the pH could affect the ionizatlon state of the analytes,

which in turn can affect the retention times (by changing the electrophoretic

velocity), the efficiency (by increasing analyte interactions with the fused-silica

wall), and the signal intensities (by iowering the fluorescence quantum

efficiency), in addition to influencing the analyte, lowering of the pH will

decrease the EOF.
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The deterioration in the on-column separation performance, which occurs

when an EF voltage is applied, could be a specific problem affecting the dyes

analyzed or it could be a more general problem. Under the conditions used,

fluorescein is negatively charged and kiton red is positively charged. However,

anthracene is a neutral compound that does not contain acidic and basic

functional groups. The on-column LIP signal from anthracene was monitored

with and without the EF voltage. A small decrease in intensity was observed for

the anthracene peak with an EF voltage of 2 kV, which was within a standard

deviation of the measurement reproducibility. However, no extreme peak tailing

was observed, indicating that the on-column conditions resulting from the EF

voltage may affect certain analytes to a greater extent than others. CE uses a

variety of running-buffers to separate acidic, basic, and neutral compounds.

Therefore it is desirable to develop a robust deposition technique that can be

used for a wide range of conditions.

Several experiments were performed in an attempt to reduce the effects

caused by the EF voltage. If the problems are due to a change in pH at the CE

outlet, then a possible solution is to increase the buffer capacity of either the CE

buffer or the liquid sheath solution. Initially, various CE buffers, such as

phosphate/borate, ammonia, CHES, CAPS, and TRIS at different concentrations

and at different pH values were investigated. Additionally, different combinations

, of liquid sheath solutions, at different concentrations, and at different pH values

were studied. Mixed results were obtained for these experiments. For example,

the buffer concentration was increased two- and four-fold in the liquid sheath
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solution. Initially, this reduced the problems; however, the results of these

experiments were not reproducible. In each of these experiments, the on-column

tailing was a major limitation.

A hydrodynamic flow was provided by raising the inlet reservoir to improve

the on-column separation performance when the EF voltage was applied. The

hydrodynamic flow effectively increases the buffer flow at the CE outlet and it

counters the migration of electrolysis products into the CE capillary, thus

reducing the non-equilibrium conditions. One advantage of this method is it does

not change the separation chemistry of the CE system developed. Additionally,

the results obtained with this method were reproducible. The effect of the inlet

reservoir height on peak height and asymmetry for kiton red when an EF voltage

of 2-kV was applied is illustrated in Figure (2.6). For these studies, asymmetry is

a direct reflection of the amount of peak tailing that was observed. As the inlet

height was increased, the peak tailing was reduced, and the peak height was

increased. At an iniet height of 10 cm a maximum was reached for peak height

and a minimum was reached for the asymmetry factor (reflecting the most

symmetrical peak). The asymmetry factor is defined as the ratio of peak half-

widths at 10% of peak height. The flow rate equivalent of raising the CE inlet 10

cm was calculated using Equation (1.18) to be -0.4 nl/s.

Under normal CE conditions, raising the inlet to induce hydrodynamic flow

will result in reduced separation efficiencies [98]. However, the conditions

created by the EF interface are not normally accounted for by conventional

theory. Datta and Kotamarhi [99] developed a model for dispersion when both
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electroosmotic flow and hydrodynamic flow exists, using the

electroosmoticvelocity profile developed by Rice and Whitehead [100]. Under

these conditions, the plate height (H) expression is given by

2D r'

tot tol

where, D is the diffusion coefficient, is the total average velocity, r is the

capillary inside radius, and is the hydrodynamic flow velocity component. To

account for the loss of separation efficiency associated with conditions not

accounted for by conventional theory a third variable, p, has been introduced to

Equation (2.1). p represents contributions to H resulting from non-equilibrium

conditions, adsorption, pH changes, etc.; effects that are exacerbated by the EF

process. When there are no hydrodynamic flow and EF effects present.

Equation (2.1) reduces to the diffusion limited dispersion case. The theoretical

plate count (N), which is a measure of efficiency, is inversely proportional to the

plate height (see Equation 1.14).

In Table 2.1, Equation (2.1) is solved as a function of inlet height for kiton

red. H is experimentally obtained for different conditions. The H calculated using

Equation (2.1) may not agree with the H experimentally determined, due to an

assumption of a diffusion coefficient of 2 x 10"® cm^/s. Moreover, there are

considerable errors in estimating both retention times and efficiency from

electropherograms under peak tailing conditions. The existence of a p-term
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Table 2.1 Equation (2.1) solved as a function of inlet reservoir height over the
outlet reservoir for kiton red.

Inlet height^ 2D c P
(cm) (cm) (cm)

(cm) (cm)

0 (no ES) 1.1E-03 2.1E-04 0 8.9E-04

0 7.2E-02 2.2E-04 0 7.2E-02

10 1.2E-03 1.9E-04 8.1E-04 -

15 1.6E-03 1.8E-04 1.3E-03 -

a.) Height of inlet reservoir above the outlet reservoir.
b.) Experimentally determined plate height.
0.) Diffusion coefficient is assumed to be 2.0 x 10'®

cm^/sec.
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without EF voltage is likely due to capillary wall adsorption by the positively

charged analyte. When the Inlet and outlet are approximately equal height and

the EFvoltage Is applied, a dramatic eighty-fold Increase In p Is observed. When

the p-term dominates an extreme amount of on-column peak tailing is observed

(Figure 2.7a). Raising the Inlet to 10-cm causes the p-term to be reduced

dramatically. Under these conditions, we obtain a minimum for H when the EF

voltage Is applied, despite the presence of a hydrodynamic flow contribution to H.

The value of p at 10-cm Inlet height Is listed as less than the no EF case. This

probably reflects the errors discussed above. By providing hydrodynamic flow,

we have minimized the on-column effects caused by the EF voltage, as Indicated

by the symmetrical peak observed (Figure 2.7b). As the Inlet height Is raised

further to 15-cm, the hydrodynamic flow term Increases and symmetrical band

broadening occurs as predicted by Equation (2.1).

Optimization of Deposition Conditions

There are several variables, such as EF voltage, sheath liquid composition

and flow rate, distance between EF tip and collection substrate, and type of

substrate, which could affect the performance of the deposition system. There Is

a complex Interrelationship that exists for many of these variables, thus

preventing them from being optimized Independently. For example, the distance

between the EF tip and the collection substrate can be optimized between -1-5

mm. However, when this distance Is varied the EF voltage has to be changed to
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Figure 2.7 On-column electropherograms during EF deposition (a) with the
inlet-buffer reservoir level with outlet and (b) with it 10-cm above the outlet.
Analytes used for the experiments: (1) kiton red, (2) eosin Y, and (3) fluorescein.
Conditions as described in the Experimental.
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maintain the liquid filament. The critical variables that are optimized in this work

are temperature of the substrate (RP-TLC plate) and substrate translation rate.

As is the case for any chromatography, the distribution of the solute

between the mobile phase (in our case the liquid sheath solution and the CE

buffer) and the solid phase (RP-TLC plate) results from the balance of forces

between the solute and the two phases. The total flow of the CE/EF does not

exceed 2 pl/min. This flow is directed in a small area on the TIC plate, which

results in a considerable amount of wetting when the substrate is at room

temperature. The majority of the wetting is due to the sheath liquid (90%

CH3OH). Methanol is used because its low surface tension renders it one of the

easiest solutions to stretch out into a Taylor cone and obtain a liquid filament

[85]. The analytes, kiton red and fluorescein, are very soluble in CH3OH. An

advantage may be realized by using a sheath liquid in which the solutes of

interest are not so soluble. Increasing the substrate temperature during

depositions can result in the reduction of on-substrate broadening, by forcing the

solute molecules into the solid phase by changing the phase ratio via rapid

evaporation. A dramatic improvement is obtained for fluorescein by increasing

the temperature, while kiton red exhibits considerably less improvement,

presumably because it partitions more efficiently into the stationary phase of the

TLC plates reducing the on-substrate band broadening. Excessive temperatures

could cause thermal degradation of deposited analytes or damage to stationary
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phase. The results of increasing substrate temperature are shown in Table (2.2).

For these optimization experiments, standard deviations were not tabulated.

The translation rate of the substrate under the EF tip was varied to

determine its affect on separation efficiency and resolution. The results for these

experiments are shown in Table (2.3). As the translation rate increases, the

resolution and efficiency increase. The efficiency increases because broadening

due to the width of the track has less of a contribution to the total

band length. In theory, an improvement in the LOD shouid be realized by

translating at slower rates, which would concentrate the bands onto smaller spots

on the substrates. Based on a conventional TLC, a LOD of 5 pg for LIF is typical

for a 10-mm^ spot size [101]. Therefore, a 200 pm x 300 pm band (0.06 mm^) is

expected to produce an LIF LOD of 30 fg, whereas, a 50 pm x 150 pm band

(.0075 mm^) would have a LIF LOD of 4 fg. Experimentally, as the translation

rate was reduced from 1.2 cm/min. to 0.5 cm/min., we did observe a modest

increase in peak height. However, we would expect an ~ 2.4 fold increase in

peak height. At the slowest translation rate, there is more on-substrate

broadening that Goours, which reduces the expected concentration effect.

Additionally, when analyte bands are cpncentrated into a small spot there could

be self-absorption of the fluorescence, which would reduce the signal obtained.

69



Table 2.2 Effects of substrate temperature, during anaiyte deposition, on
detection and separation parameters.®
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a.) Experiments performed at a translation rate of 1.2 cm/min.
b.) Temperature of the substrate during deposition.
c.) Peak height obtained from the CCD camera in counts /

sec with a laser power of 10-mW.

Table 2.3 Effects of substrate translation rate on detection and separation
parameters.

Translation®
(cm / min.) Rs

Peak Height'^ Efficiency (N/m)
Kiton

Red

Fluorescein Kiton

Red

Fluorescein

0.24 2.7 149000 10300 3300 2900

0.50 6.8 162000 27100 20000 17000

1.20 15. 138000 19000 55000 68000

a.) The rate at which the substrate was translated under
the electrospray.

b.) Peak height obtained on the CCD camera in counts/
sec with a laser power of 50-mW.
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Comparison of On- and Off-Column Electropherograms

In Figure (2.8), the on-column separatibn is directly compared to the off-

column separation, at a substrate temperature of 65 °C and a translation rate of

1.2 cm/min. On-column theoretical plate counts per meter of 46,000 and 60,000

were obtained for kiton red and fluorescein, respectively. These compare to

48,000 and 65,000 plates per meter obtained for those same separated bands

deposited onto a RP-TLC plate. The on-column peak resolution was 13, which

compared to 14 for the off-column detection. Admittedly, the on-column

efficiencies are not as great as one often observes for CE. However, these

results illustrate that the EF process does not drastically reduce the separation

performance obtained on-column. A measurement error of ~ 10% accounts for

the increase in plate count observed for the off-column detection. The relative

signal intensities of kiton red and fluorescein do not agree for the on- and off-

column detection in Figure (2.8). Several differences between fluorescence of an

analyte in solution (on-column) and on a TLC plate have been reported [101].

Poor reproducibility due to an inability to inject constant volumes and consistently

control electroosmotic flow (EOF) is an inherent problem of CE. The problems

with reproducibility may be magnified when the EF technique is involved. Table

(2.4) gives % RSD values for several separation and detection parameters as

they relate to off- and on-column detection. The reproducibility of the off-column

LIF detection is comparable with that of the on-column LIF detection. The

detection parameters (peak height and area) are probably limited by the

precision of the manual injection process, which is the case for normal CE.
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Figure 2.8 Electropherograms of kiton red (1) and fluorescein (2) comparing
(a) the on-coiumn LIP detection and (b) the off-column LIP detection. A substrate
temperature of 65°C and a translation rate of 1.2 cm/min were used. All other
conditions are described in the Experimental.
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Table 2.4 Comparisoil of reproducibility for on- and off-column detection of
kiton red.

On-column Off-column Off-column
(PMT) (CCD) (PMT)
%RSD % RSD % RSD

Retention time (Rt) 4 4 4

Peak width (Wb) 10 7 17

Peak area 13 10 13
Peak height 17 14 11
Efficiency (N) 17 15 14
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Additionally, the electrochemistry effects resulting from the EF voltage could

affect retention time reproducibility.

The real advantages of preserving a CE separation onto a substrate will

be realized when more information rich techniques, such as MALDI-MS or SERS

are employed. However, we wanted to characterize the quantitative nature of the

LIP detection. Figure (2.9) shows the calibration curve obtained for kiton red

deposited by EF-CE onto RP-TLC plates and detected with the PMT LIF system.

This curve illustrates a linear dynamic range of 10^ and a LOD 10'® M for kiton

red. Surface features on the TLC plates, with approximately the same

dimensions as the deposited bands, limit the LOD that is obtainable. With more

uniform substrates the advantage of off-line LIF detection should be more fully

realized.

The versatility of CE is partially due to its ability to separate negatively

charged, positively charged, or neutral compounds. For the neutral solutes, a

pseudo stationary phase (e.g., SDS or cyclodextrin) is added to the buffer to

achieve separations. These additives are not normally used with CE-ESI mass

spectrometry [102]. However, they should not present a problem when using an

EF to deposit onto substrates. Under MEKC conditions, a stable liquid filament

was obtained with 50-mM of SDS added to the CE buffer. The retention times of

kiton red and Fluorescein increased and the elution order reversed when the

SDS is added to the CE buffer, but separation perforrnance was not appreciably

altered. The EF mode of electrospray offers an alternative technique for spatially

depositing the effluent from a CE capillary.
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detected using the PMT scanning instrument.
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Chapter 3. TWO-DIMENSIONAL CAPILLARY
ELECTROPHORESIS/THIN-LAYER
CHROMATOGRAPHY

Introduction

Capillary electrophoresis (CE) has been used to separate complex

mixtures in one dimension, however the peak capacity (nc) is limited in one-

dimensional separations. Peak capacity is defined as the maximum number of

Gaussian peaks that can be placed side-by-side within the available separation

space and is calculated as follows [103]:

«.=! + (3-1)

where, N is the number of theoretical plates and Rs is the resolution. The

workable elution range is represented by the ratio tmax/tmin, the ratio of the latest

and earliest eluting peaks, respectively. Commonly, increasing the efficiency (N),

for example by increasing the column length, will increase the peak capacity of a

system.

The peak capacity is an ideal approximation of the resolving power of a

chromatographic system. In reality, component peaks usually distribute

themselves somewhat randomly. Davis and Giddings estimated that due to

disordered distributions of component peaks no more than 18% of the full peak

capacity of a system can be used to generate adequate resolution [104].
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Considering this low estimate and the demands being placed on separation

techniques by complex sample matrices, research into the development and

optimization of two-dimensional (2D) separations is needed and on-going.

In multidimensional separation systems, a component peak separated in

the primary dimension undergoes subsequent separation in at least one

additional dimension. While nc is limited in the 1®'-dimension, by using a 2"^^-

dimension it can be significantly enhanced. Giddings reported 2D separations

have peak capacities that are equal to the product of the peak capacities of the

one-dimensional methods [105]. The 2D nc is calculated below:

«, = «1 * ?72 (3.2)

where, the 1®' and 2"^ dimension peak capacities are ni and na, respectively.

In 2D separations, two distinctly different separation mechanisms are

coupled together. The information gained from the 1®^ separation should not be

duplicated in the 2"*^ separation. As shown in Figure (3.1), peaks appear as

spots in the theoretical 2D separations. The separation is considered to be

orthogonal if the spots are distributed randomly across the separation space, as

in Figure (3.1a). However, if there is a correlation between the separation spots,

as in Figure (3.1b), the separation mechanisms are similar in nature (i.e. some of

the information gained in the 1®' dimension was reproduced in the 2"*^ dimension).

When the separation mechanisms are not orthogonal, the optimum multi

dimensional peak capacity will not be realized. For CE and TLC, analytes are

separated by two different displacement techniques represented by
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electrophoretic and chromatographic mechanisms, respectively. Consequently,

a high degree of orthogonality is possible with this approach.

Admittedly, the coupling of CE to thin-layer chromatography (TLC)

reported in this chapter could be tedious and compromise separation efficiency.

However, many advantages can be realized by this coupling. In addition to the

potential for high nc, as outlined by Poole [106], many advantages can be derived

from exploiting the inherent attributes of TLC: separation of samples in parallel,

disposable stationary phases, and a convenient storage device for archiving

separations, to mention a few. Several advantages that were discussed in

Chapter 2 can be attributed to the off-column nature of the CE-TLC experiment.

For example, long time constants or signal averaging can be used to improve

detectability or acquire spectra.

In the work presented in this chapter, the electrofilament (EF) mode of

electrospray, as described in Chapter 2, is used to deposit the effluent from the

CE column onto the TLC plate. In the CE-TLC experiment, the TLC plate first

stores the on-column CE separation (1®' dimension) and then serves as the

stationary phase for subsequent TLC separations (2"*^ dimension). Consequently,

the two separation dimensions are separated in time and space, allowing them to

be optimized completely independently of one another.

CE Two-Dimensional 2D-S0parations

Planar chromatography and slab-gel electrophoresis are established

methods for 2D separations [107, 108]. Jorgenson et al. demonstrated
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comprehensive 2D liquid chromatography-capiilary eiectrophoresis (LC-CE)

methods in the early 1990's. Reverse-phased HPLC was interfaced with CZE to

create a coupled column system. The HPLC column was frequently sampled by

the CZE portion of the system, which was coupled to a data acquisition system

that could be used to view separations in both dimensions. This technique

clearly demonstrated the advantages of 2D methods by obtaining peak

capacities in the range of 2000 to 20,000 [109-112]. Jorgenson and Moore have

also demonstrated comprehensive three-dimensional separation of peptides

using size exclusion chromatography, reversed phase HPLC, and CZE [113]. In

this work, separation occurred through differences in size, hydrophobicity, and

electrophoretic mobility. More recently, Ramsey et al. employed microfabricated

fluidic devices that combine micellar electrokinetic chromatography and high

speed open-channel eiectrophoresis on a single "lab-on-a-chip" structure for

rapid two-dimensional separation of peptides [114]. In this work, peak capacities

for the 2D methods were estimated to be in the 500 to 1000 range.

The ma]ority of the 2D separations coupling column chromatography to

planar chromatography have coupled liquid chromatography to TLC. Poole and

Somsen have recently provided excellent reviews of the LC-TLC techniques

[106, 115]. Deposition techniques for column chromatography were extensively

covered in Chapter 2. For these methods the most common interface is a spray

jet (nebulizer-based spray), which allows the whole column effluent to be applied

to the TLC plates [54, 71]. Spray jets are useful when the flow rate is in the
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range of 5 to 100 nl/min, however when higher flow rates are utilized the effluent

has to be split.

Sweedler et al. has published the only example of CE being coupled to a

form of planar chromatography, channel-gel electrophoresis [116]. By moving

the outlet end of capillary along the entrance of a channel, both separations were

preserved. Mixtures of peptides were well resolved in 15 min., with theoretical

plate numbers in the 20,000 to 50,000 range. Until the work reported herein, the

coupling of CE to TLC for the purpose of 2D separations had not been

investigated.

Thin-Layer Chromatography

TLC belongs to a family of planar chromatography techniques, which

includes slab-gel electrophoresis that was discussed in Chapter 1. TLC has

been used to separate a wide variety of compounds (organic, inorganic,

biologicals, polymers, chirals) for assorted applications including environmental,

pharmaceutical and food analysis [106]. Although TLC is limited to peak

capacities of 10 to 50, Shi and Davis showed that only a small nc is needed in the

second dimension to produce adequate separation of components in complex

mixtures [117]. Although TLC has experienced a downturn in its industrial use,

as discussed in the review by Poole, there is still much interest in it as a

technique complementary to HPLC [106].,

Although more sophisticated TLC methods involving forced flow and

electroosmotic flow exists [110], the simple experimental set-up used in the work
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described herein is shown in Figure (3.2a). In the conventional TLC experiment,

a sample is applied to the separation layer as a spot or band near the bottom

edge of the plate. The separation is carried out in an enclosed chamber by

contacting the bottom edge of the plate (just below the sample spots) with the

mobile phase, which advances through the sorbent layer by capillary forces. A

sample is separated by different rates of migration in the direction traveled by the

mobile phase. After the mobile phase has evaporated, the component spots can

be evaluated using various detection techniques.

The retardation factor value (Rf) is the fundamental parameter used to

characterize the position of the spots (see Figure 3.2b) and is given by Equation

(3.3)

where, Zx is the distance traveled by the sample from its origin, (Zf- Zo) is the

distance traveled by the mobile phase from the sample origin, Zf the distance

traveled by the mobile phased measured from the highest position on the plate at

the start of the separation, and Zo the distance from the sample origin to the

position used as the origin for the mobile phase.

Rf is related to the more common chromatographic retention parameter,

capacity factor (k), by

k= % (3.4)
/ -'V
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Figure 3.2 Illustrations depicting (a) the TLC experimental set-up and (b) the
nomenclature used to define the Rf value in Equation (3.3).



The capacity factor of a sample zone Is defined as the ratio of the time spent by

the solute In the stationary phase compared to the time It spends In the mobile

phase.

Chiral Amino Acid Separations

The capability of the 2D CE/TLC technique developed In this work Is

demonstrated by separating dansylated (DNS)-amlno acids and their

enantlomers. The separation of chiral compounds Is of key Importance for many

different fields of applications, e.g. pharmaceutical, Industrial, forensic, biological,

and clinical [30]. CE has proven useful In the analysis of chiral compounds and

particularly In the analysis of amIno acid enantlomers [118, 119]. Commonly,

cyclodextrlns (CD) are added to CE for chiral separations, as discussed In

Chapter 1. In CD mediated MEKC, Inclusion complex formation modifies

retention by reducing the electrophoretic mobility of charged solutes in CE and by

Inhibiting the association of neutral solutes with the micellar phase [120]. As

Illustrated by Sepanlak et al., the optimization of on-column CD-CE chiral

separations can be difficult, because both the general and enantlo-selectlve

elution behaviors must be considered in one-dimension [121]. In CD-CE and in

CD-mediated MEKC the optimization of these two ejutlon mechanisms will not be

Independent. In contrast, by de-coupling the general and enantlomeric

separations In the CE-TLC technique, the two separations.can be more

effectively optimized.

84



The separation of the enantiomers is carried out on TLC chiral precoated

plates or on plates impregnated with chiral substances [122]. The chiral TLC

separation technique used in the work presented in this Chapter was first

introduced by Armstrong et al. and was extended by Lepri et al. and LeFevre

[123-125]. The method involves the use of reversed-phase (RP) TLC with a high

concentration of p-CD in the mobile phase. Similar to CE, inclusion complexes

with the chiral CDs modify retention, thus permitting enantio-selectivity. The p-

CD has a limited solubility in hydro-organic solvents, approximately 0.017 M,

which proves to be insufficient for the TLC separation of enantiomers.

Resolution of enantiomers is achieved by increasing the concentration of p-CD

above its solubility in pure water by the addition of urea [123]. This planar

method has separated all but two (proline and tryptophan) of the dansyl

derivatives of the nineteen common optically active amino acids found in

proteins.

Experimental

Chemicals and Materials

Unless otherwise noted, the chemicals used to perform the experiments

described in this chapter were purchased from Sigma Chemical Co. (St. Louis,

MO). The CE buffer solution was composed of 10-mM sodium tetraborate (pH ~

9.5) and in the MEKC experiments 40-mM sodium dodecyl sulfate was added.

In the on-column CD-mediated MEKC experiments, either p- or y-CD at various
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concentrations were added to the MEKC buffer. For on-column experiments,

when the concentration of p-CD is above 0.017 M a 5-M solution of urea was

added to increase the solubility. In the TLC experiments, a high concentration of

P-CD (0.2 M) was dissolved in a saturated urea solution. The TLC mobile phase

consisted of acetonitrile-0.2M p-CD solution (20:80 v/v). In addition, sodium

chloride (0.6 M) was added to the TLC mobile phase to stabilize the binder of the

reversed-phase plates. Without this salt, mobile phases containing more than

50% water can dissolve the binder of reverse-phase plates. The EF liquid sheath

solution was composed of 90% methanol (Fisher Scientific, Pittsburgh, PA) and

10% CE buffer at a pH ~7. The TLC plates were adsorbosil octadecyl modified

RP-TLC plates (Fisher Scientific, Pittsburgh, PA). The 5-

dimethylaminonaphthalene-1-sulfonyl (DNS)-DL-amino acids, leucine (Leu),

valine (Val), norvaline (Norv), and norleucine (Norl), were dissolved in water at a

concentration of 10'^ M for the two-dimensional experiments and at

10"^ M for the on-column experiments.

CE Separations and EF Deposition

The CE and EF deposition systems are described in Chapter 2. Fused

silica capillaries (Polymicro Technologies, Phoenix, AZ), 50 pm i.d., 360 pm o.d.,

62 cm length (57 cm to the LIF window) were tapered to reduce the mixing

volume at the end of the CE capillary. Hydrodynamic injections were made at a

height of 10 cm for 10 sec. Losses in efficiency (as described in Chapter 2) due
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to the less than ideal conditions of our EF interface can be mitigated to large

degree by introducing a hydrodynamic flow toward the detection side of the

capillary. Thus, we have found it advantageous to raise the inlet of the 50 pm i.d.

capillary approximately 10 cm (see Chapter 2). An in-house fiber optic LIP cell

was used for the on-column detection experiments (~5 cm from the end of the

capillary) [86]. A helium-cadmium laser (Omnichrome, Chino, OA) was used to

excite the fluorescence at 325 nm. The TLC plate temperature was maintained at

45 °C. For the on-column experiments, the migration times (tr) were obtained

from the maximum of the peak profiles. The theoretical plate numbers were

calculated by the half-height method (N = 5.54 (tr/wi/2)^) where: tr is the migration
.f

time and W1/2 is the width at half-height. For the off-column experiments, tr was

estimated from the on-column tr, taking into account the extra 5-cm of coiumn.

TLC Separations

After the MEKC separated DNS-amino acids were EF deposited onto a

TLC plate, the chiral separations were performed as follows. All developments

were carried out in a sealed TLC chamber at room temperature, with a piece of

filter paper enclosed to help saturate the chamber with solvent vapor. The plates

were developed for approximately 40 minutes. After the plates had fully

developed, the solvent was allowed to evaporate before imaging the plates. All

plates were stored at 0 °C after development.
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CCD LIF Imaging Instrumentation

The detection instrumentation is shown in Figure (3.3). A helium-cadmium

laser (Omnichrome, Chino, CA) was used to supply the 325-nm light. The laser

beam was focused onto the end of a fiber optic 301 core/ 329 clad (Polymicro

Technologies, Phoenix, AZ) with a biconvex, 25-mm diameter, f/2 lens, which

produced a homogenous expanded beam at its output. The fiber optic was

positioned at a distance from the TLG piate, which resulted in the light being

expanded to a diameter of approximately 2 cm. A cut-on filter (50% @ 428 nm)

was placed over a close focus zoom lens (Edmond Scientific, Barrington, NJ)

attached to a model ST-6 CCD imaging camera (Santa Barbara Instrument

Group, Santa Barbara, CA). Once the CCD images of the deposited bands or

the developed plates were saved in TIFF format, the spectroscopic mode of the

CCD camera was used to obtain data in ASCII format. The ASCII formatted

data was loaded into a spreadsheet for reconstruction of the electropherogram.

Results and Discussion

One-Dimensional CE Separations of Amino Acid Enantiomers

As previously stated, CE has successfully been applied to chiral

separations of amino acids by introducing CDs into the running buffer. When

mixtures of amino acids are analyzed, optimization in one-dimension can often

be laborious. The effects of separation conditions on general elution behavior

must be considered or separated enantiomer pairs will co-elute with the
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Figure 3.3 Schematic diagram of the fiber-optic UP off-column instrumentation
used to detect the deposited analytes. Figure labels: LI is a 25 mm f/1 biconvex
lenses, and F2 is a cut-on filter.
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enantiomers of other DNS-AAs. The ability of one-dimensional CE is

demonstrated by separating the enantiomers of four DNS-amino acids: Val, Leu,

Norv, and Nori. As seen in Figure (3.4a), these negatively charged (-1) DNS-

amino acids could not be separated by differences in electrophoretic mobility.

However, when SDS is added to the running buffer adequate resolution is

obtained (Figure 3.4b) for the general separation. The mixture could not be

separated when only 10-mM of p-CD (no SDS) is added to the running buffer.

Furthermore, no separation of the amino acid enantiomers is observed with the

addition of 10-mM of p-CD to the SDS running buffer (Figure 3.5a). Presumably,

the DNS-DL-amino acids are more favorably partitioned into the SDS than into

the cavity of the p-CD. Potentially, increased separation of the enantiomers is

possible by increasing the ratio of p-CD to SDS. An increase in enantio-

separation is observed for Norv when 75-mM of p-CD is added to the running

buffer, however a reduction in efficiency and resolution for the general separation

is also observed (Figure 3.5b). In this experiment, a 5-M urea solution is added

to solubiiize the high concentration of p-CD. Due to the high concentration of

urea, micelles may not be present.

In general, it has been reported that y-CD provides for better resolution of

the DNS-amino acid enantiomers [121]. This can be attributed to a more

appropriate fit of the DNS label into the larger y-CD cavity as compared to the p-

CD cavity. Again, the mixture could not be separated in one-dimension when
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only 10-mM y-CD (no SDS) is added to the running buffer. In Figure (3.6), the

DNS-amino acid mixture is separated using low-, mid-, and high-concentrations

of y-CD added to the SDS running buffer. As the concentration of y-CD is

increased, the resolution of the early eluting peaks is increased; concurrently, the

resolution of the later eluting peaks is decreased. At a concentration of 15 mM,

the L-Leu and D-Nori co-elute. Admittedly, by optimizing buffer concentration,

pH, voltages, and etc. baseline separation of many enantiomer mixtures could

potentially be obtained in one-dimension. Nevertheless, as the complexity of the

sample increase the optimization becomes increasingly difficult. The separation,

in Figure (3.6), clearly demonstrates the problems of optimization that can occur

when general and enantio-elution mechanisms act concurrently in one-

dimension. In the CE-TLC 2D technique, the optimization of the general

separation for the DNS-amino acid mixture is completely separate from the

optimization of the enantiomer separation.

Comparison of On- and Off-Column Electropherograms

Coupling CE to TLC must meet three criteria to be considered a

comprehensive 2D separation [109]: the transfer from the CE capillary must

occur with little loss of analyte or degradation of separation efficiency; the

separated components should not be allowed to recombine during transfer or in

subsequent separation steps; and the separation of analytes must occur by

different mechanisms. When these three criteria are met, the CE-TLC separation

is truly two-dimensional.
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Under optimum conditions, CE can generate extremely high plate counts

and it is crucial for any 2D-CE technique to preserve these high efficiencies. The

EF process must contribute as little loss of analyte or degradation of separation

efficiency as possible. As explained in Chapter 2, as the diameter of the

deposited track increases, efficiency and resolution are deceased, thus

emphasizing the need to deposit narrow bands. The dimensions of the

deposited bands are on average 200 pm x 1.0 mm for a translation rate of 1.0

cm/min. These were slightly wider tracks than those reported in the work

described in Chapter 2. For the 2D-experiments, the temperature of the TLC

plate during deposition was limited to 45 °C because the fluorescence

background of the plate increased with temperature. Additionally, due to the

elution range of the DNS-AAs the translation rate was limited to 1.0 cm/min.

n  Nevertheless under the conditions used, the EF deposition technique is

contributing 20 % to the total length of the deposited band. Since the liquid

filament is considerably narrower, there is obviously some broadening occurring

on the substrate. Potentially, increasing the translation rate or temperature could

decrease the on-substrate band broadening (see Chapter 2).

In Figure (3.7), the on- and off-column electropherograms are directly

compared. Table (3.1) compares the on-column plate counts per meter for the

electropherograms shown in Figure (3.7). As shown in Table (3.2), the

resolution between the peaks for the same electropherogram decreased between

3 % and 20 %. At a higher translation rate, an increase in resolution and

efficiency would be expected. The efficiency increases because broadening due
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depositing. Conditions are described in the experimental.
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Table 3.1 Comparison of efficiency for on- and off-column detection
using electrofilament deposition

Ni/2/m
On-column

Ni/z/m
Off-column

% Decrease

DNS-DL-Val 300,000 150,000 50

DNS-DL-Norv 320,000 170,000 47

DNS-DL-Leu 210,000 190,000 10

DNS-DL-Norl 170,000 130,000 24

Table 3.2 Comparison of resolution for on- and off-column detection
using electrofilament deposition

Rs

On-column

Rs

Off-column

% Decrease

DNS-DL-Val

DNS-DL-Norv 7.0 5.6 20

DNS-DL-Leu 10.0 9.7 3

DNS-DL-Norl 5.7 4.9 14
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to the width of the track has less of a contribution to the total band length. In

theory an improvement in the limit of detection should be realized by translating

at slower rates. The slower translation rates concentrate the bands onto smaiier

spots on the TLC plate. As mentioned previously, the choice of translation rates

was limited in these experiments. As documented in Table (3.1), the EF process

contributes to band dispersion to a greater extent for the analyte bands with high

efficiencies. Nevertheless, these results illustrate that the EF process preserves

the separation obtained on-column for the DNS-amino acids. Thus, the CE-TLC

technique meets the first two criteria defined previously for a 2D separation.

In the electropherograms in Figure (3.7), a relatively high concentration

(10'^ M) of DNS-amino acids is employed. Lower concentrations could not be

used, because after developing the TLC plate the fluorescence is too weak to be

imaged. Unfortunately, the equipment used had several limitations, such as

reduced laser power due to expanding the beam, background fluorescence from

the TLC plates, and a non-intensified CCD camera. In Figure (3.8), the

electropherogram is shown for a 10"® M mixture of the DNS-amino acids.

Surface features on the TLC plates, with approximately the same dimensions as

the deposited bands, limit the LCD that is obtainable.

Two-Dimensional Separation of Amino-Acid Enantiomers

In Figure (3.9), a CCD imaged TLC plate shows the four deposited DNS-

DL-amino acids from the CE-MEKC separation in the first dimension and the

baseline resolution of the DNS-amino acid enantiomers from the TLC separation
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Figure 3.8 Electropherogram demonstrating the off-column LIF detection limit
obtained by using the CCD camera to image the RP-TLC plate. The mixture of
DNS-amino acids Val (1), Norv (2), Leu (3), and Norl (4) was diluted to a
concentration of 1.0 i^M. The outer peaks are a result of laser scatter from the
edges of the TLC plate. Conditions are described in the experimental.
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Figure 3.9 CCD images of the two-dimensional CE-TLC separations. The
bottom image is the separated DNS-amino acids deposited from the CE capillary.
The top image is the deposited DNS-amino acid enantiomers separated by TLC
using a (3-CD modified mobile phase. Conditions are described in the
experimental section.



in the second-dimension. Note that in each case, the D-isomer eluted ahead of

the L-isomer, because the D-isomer complexes to a greater extent with the p-CD

in the mobile phase. The retention behavior follows that observed for the y-CD

mediated MEKC separation in Figure (3.6). However, it is the opposite of that

observed for a p-CD bonded phase [121]. The dimensions of the initial deposited

DNS-amino acids are ~ 200 pm x 1.0 mm. After developing with the p-CD

modified mobile phase, the initial bands broaden to a size ~ 2-1.5 mm x 1.5 mm.

In Table (3.3), the separation data is given for the four DNS-DL-amino acids.

One advantage of 2D separations is the sample is separated

independently by two different mechanisms. However, during the two

separations, dispersive displacements (i.e. band broadening) also take place in

each dimension. In TLC spreading along the displacement axis is normally

greater than lateral spreading [105]. During its migration in the CE capillary, the

initial zone largely broadens because of longitudinal diffusion, causing it to

assume a Gaussian shape. In TLC, spreading along the flow axis includes all

the dispersive contributions to total plate height, whereas lateral spreading

includes fewer contributions. The TLC flow axis is at a right angle to the CE

deposition. As can be seen in Figure (3.9), the initial deposited band is 200 pm

wide and broadens to ~ 2-1.5 mm after the TLC separation, whereas the length

of the deposited band is 1mm and broadens too only -1.5 mm. Commonly, in a

high-performance TLC separation efficiencies of - 10,000 plates are obtainable.

Assuming a migration distance of 10 cm, the width of the band at 10,000 plates
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Table 3.3 TLC separation data for DNS-amino acids.

Zo (cm) Zx(L) Zx(D) Rf(L) Rf(D) a

Val 0.40 2.30 3.00 0.28 0.36 1.3

Norv 0.40 1090 2.30 0.23 0.28 1.2

Leu 0.40 1.80 2.40 0.22 0.29 1.3

Norl 0.40 1.20 1.60 0.15 0.19 1.3
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would be 2.5 mm. Thus, reduction in resolution due to the width of the EF

deposited band (200 )j,m) is expected to be negligible in these studies.

The last criterion that must be met for the CE-TLC technique to be truly

two-dimensional is that the separation mechanisms must be significantly different

(i.e., orthogonal). An interrelationship exists between the mechanisms controlling

separations in MEKC and in reverse-phase (RP)-TLC. In both MEKC and RP-

TLC, separations occur through partitioning mechanisms. In MEKC, partitioning

occurs between the solute and the pseudo-stationary phase (e.g. SDS) and in

RP-TLC partitioning occurs between the solute and the stationary phase.

Fundamentally, MEKC and RP-TLC separate compounds based of the

differences in hydrophobicity. In MEKC, electrophoretic mobility, hydrogen

bonding, and charge interactions with micelles also affect separations [29]. In

many cases the elution order in MEKC will resemble that of reversed-phase

chromatography, therefore some information gained from the first separation is

duplicated in the second separation. The CCD image in Figure (3.9) of the

separated enantiomers appears to have a diagonal pattern, which is similar to

the theoretical illustration in Figure (3.1b). The DNS-Norl is retained the longest

in the SDS pseudo-stationary phase and In the RP-TLC separation. The

separation space in the MEKC-RPTLC technique is not fully utilized, therefore

the peak capacity is not fully maximized. The separation space could be more

fully put to use if normal phase TLC was used for the chiral separations.

In addition to the above mechanisms, the TLC mobile phase used in this

work contains a high concentration of cyclodextrins. The exact mechanism for
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enantio-selectivity is not known. In all probability, the carboxyl group and/or the

NH group of the D-isomer is/are capable of hydrogen bonding with the 2- or 3-

position hydroxyls near the mouth of the p-CD cavity to a greater extent than the

L-isomer, thereby contributing to the enantio-seiectivity [125]. The preferred

inclusion of the D-enantiomer was also predicted in prior work based on

computational molecular mechanics modeling [121]. Additionally, when the p-CD

is added to the mobile phase, multiple complexations to more than one p-CD

molecule is possible [126]. The CDs result in a chiral separation mechanism that

is not present in the 1®' dimension. Thus, meeting the third criteria of a 2D

separation.

The real advantage of 2D separations is in the analyses of samples in

complex matrices, due to the capability of obtaining very high peak capacities

when compared to the ID separation. The peak capacity of a separation with

unit resolution can be calculated by [127]:

Nc = L / 4or (3.4)

where the authors have defined L as the distance over which peaks can be

distributed, and a is the average standard deviation of these peaks. In 2D

deposition experiments, the peak capacity from the on-coiumn separation is

calculated from the deposited bands, because band broadening due to the

deposition technique will decrease the peak capacity. For the CE deposited

DNS-amino acid separation (Figure 3.9), as measured on the actual TLC plate

the available elution distance is ~ 2 cm and the average 4a width is 0.1 cm;
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giving a peak capacity of 20. For the TLC enantiomer separation (Figure 5), the

available elution distance is 8.3 cm and the average 4a is 0.15 cm; giving a peak

capacity of 55. Thus, the overall peak capacity for this separation is ~ 1100. In

principle, the 2-cm elution distance could be increased substantially by altering

the apparatus and thereby, the peak capacities could be increased. In contrast,

for the on-column electropherogram (Figure 2a), the available elution range is 15

min and the average 4a is 0.05 min, thus giving a peak capacity of 300. As

discussed above, a reduced peak capacity could be due to the separation space

in the 2D technique not being fully utilized. However, when compared to the one-

dimensional technique there is a considerable increase in peak capacity. The

CE-TLC technique offers an alternate approach to multidimensional separations

for analyzing volume-limited complex samples.
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Chapter 4. SURFACE-ENHANCED RAMAN
SCATTERING FOR OFF-COLUMN

DETECTION IN CAPILLARY

ELECTROPHORESIS

Introduction

The two major limitations of CE are poor retention time reproducibility and

the lack of highly sensitive and selective detectors. As described in Chapter 1,

retention times in CE depend on the wall-generated EOF. The EOF is affected

by the integrity of the capillary inner-wall surface, which is in a dynamic state that

is difficult to control. The poor retention time reproducibility represents one

motivation to couple CE with spectroscopic techniques. Combining the spectral

information with the observed migration times would allow for explicit analyte

identification. Brinkman et al. provides an excellent review of several

spectroscopic techniques that have been used for analyte identification in CE

[128].

As discussed in Chapter 1, Raman spectrometry is a technique that has

the potential to provide rich information about the structure of a molecule.

However, the extremely small cross sections for Raman scattering precludes it

use as a sensitive CE detection technique. The inherent inefficiency of normal

Raman scattering has been overcome by using surface-enhanced techniques.

An enormous Raman enhancement has been observed for molecules that are

adsorbed onto certain types of metal surfaces. This enhancenient has been
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termed the surface-enhanced Raman scattering (SERS) effect, which was first

observed in the 1970s by Fleischmann et al [129]. Since that time there has

been a substantial amount of research on the theoretical aspects and on

potential analytical applications [130-132]. An additional enhancement is

obtained when the excitation wavelength is coincident with molecular resonance

(surface enhanced resonance Raman scattering) [133-135]. Furthermore, often

the fluorescence from molecules positioned near the metal surface is quenched.

Consequently, the fluorescence quenching allows interference free SERS

spectra to be obtained for a greater number of compounds and at lower

concentrations [136-138]. As a detection technique for CE, SERS has the

potential to combine the structural information content of Raman with the

sensitivity of fluorescence.

Theoretical Aspects of SERS

Although there has been much research into the theory of SERS, to date,

there is no single model that can explain all of the experimental observations

related to the SERS effect. Previous models predict at best maximum

enhancements of 10® to 10® for the SERS effect. However experiments have

indicated SERS enhancement factors in the order of 10^® are possible [139,140].

Single-molecule studies have also indicated that enhancement in the order 10^"^

to 10^® are possible at specific sites referred to as 'hot spots' [141,142].

Nevertheless, it is regularly agreed that the total enhancement is the result of

more than one effect. As can be inferred from the classical theory of light
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scattering that was discussed in Chapter 1, the enhancement can result from

changes in the molecular polarizability (P) and/or in the electric field the molecule

experiences (E). The theoretical models have defined at least two major types of

mechanisms that contribute to the SERS effect: electromagnetic and chemical.

Electromagnetic Enhancement

The electromagnetic enhancement arises from the excitation of

conduction electrons at characteristic frequencies (surface plasmons), which

produce large electromagnetic fields near the metal surface. The plasmon

frequency depends on size, shape, and the material of the metallic nanoparticles

and their environment. At the plasmon frequency, the metal becomes highly

polarizable resulting in large local fields on the metal surface. An additional

enhancement is due to the excitation of surface plasmons by the Raman

emission radiation of the molecule. The electromagnetic enhancement is the

major contributor to the SERS signals. The overall enhancement scales roughly

as E'^, and the electromagnetic field decreases with the third power of the

distance between the analyte and the metal surface. Typical characteristics of

the electromagnetic effect are the molecule is not required to be in direct contact

with the metallic surface and the effects should be independent of the chemical

nature of the molecule
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Chemical Enhancement

The electromagnetic model explains many characteristics of the SERS

effect, however experimentaiiy the chemical nature of the molecule of interest

has been shown in many cases to be important. Therefore, a second model

involving the chemical characteristics of the molecule of interest has been

proposed. The chemical enhancement results from electronic coupling between

the moiecule and the metai, resulting in a Raman enhancement. This is a

charge-transfer process that produces an increase in the apparent value of the

molecular polarizabiliy (P). Although there may be several different

mechanisms, one charge-transfer process can be described as follows: (1)

excitation of an electron in the metal into a hot electron state; (2) transfer of the

hot electron into the LUMO (lowest unoccupied molecular orbital) of the

molecule; (3) transfer of the hot electron from the LUMO, with changed normal

coordinates of some internal molecular vibrations, back to the metai; (4) return of

the electron to its initial state and Stokes photon creation [131].

In contrast to the electromagnetic model, the adsorbate molecule must be

in contact with the SERS-active surface. The mechanism depends on the

adsorption site, the geometry of bonding, and the energy levels of the adsorbate

molecule. The chemical enhancement is considered to be the lesser of the two

enhancements with factors reaching not more than 10 to 100 [131]. The

chemical enhancement can provide useful information on chemisorption

interactions between the metai and the adsorbate. However, these interactions
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are related to a general mechanism and thus are only applicable to specific

adsorbate-metal systems.

SERS Substrates

Inevitably, for SERS to fulfill its potential as an analytical method, a SERS-

actlve substrate is required that has the following characteristics: easy to

prepare, reproducible, sensitive, robust, and universally active for a large number

of compounds. An extensive amount of research has gone into developing and

evaluating different types of SERS-active substrates. The following is a partial

list of substrates that have been reported in the literature: nitric-acid etched silver

foil, electrochemlcally prepared electrodes, island films deposited on glass

surfaces, films deposited by evaporation or sputtering in a vacuum, and arrays of

particles created by sophisticated lithographic technology [143-145].

The type of metal on the surface is an important consideration when

developing a SERS substrate. Silver has been found to give the strongest

surface enhancements followed by gold and copper. Other materials that have

been studied for the SERS effect are Li, Na, Cd, and Al [143]. For roughened

silver, the blue and green emission lines of the common Ar-lon laser fall into the

excitation range of the surface plasmons [131]. The type of metal alone does not

define the SERS activity; additionally, nano-sized features on the metal surface

are Important to the SERS process. The dependence of the SERS signal on the

surface roughness exhibits different excitation profiles for different surface

110



features. For example, diameter sizes in the 10 to 100-nm range appear to be

optimal for spherical silver particles [143].

For the work reported herein, SERS is performed on a planar substrate,

prepared using metal colloidal solutions as the enhancing media [146-149]. The

colloids used most often in SERS are metal sols, which is a liquid dispersion of

nanoparticle silver or gold in the 10 to 150-nm size range [131]. The major

advantage of using colloids is the ease of preparation. This technique does not

require the use of vacuum evaporation chambers and it involves relatively simple

experimental procedures. The disadvantages are a lack of stability that is due to

coagulation and a lack of uniform particle sizes. However for the following

experiments, the colloids were stabilized on a solid support that reduces affects

of coagulation. Additionally, the preparation procedure that is described in this

chapter reproducibly prepares ~ 100-nm silver particles. Many successful

applications of SERS using colloidal systems have been reported in the

literature, including the probing of single molecules [131, 150-154].

Applications of SERS

Although SERS is not considered a universal technique, it Is increasingly

being applied to a wide range of important compounds. SERS has been used to

detect illicit drugs, such as cocaine and heroin [155]. Several pharmaceutical

and biotechnological applications have been demonstrated, including detection of

anti-tumor drugs, neurotransmitters, hemoglobin, and amino acids [156-159].

Electrochemically-roughened silver surfaces were used to obtain SERS spectra
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of 19 L -amino acids [159]. Borjesson et al. used SERS to detect a single

hemoglobin protein molecule attached to isolated and immobilized silver

nanoparticles. SERS substrates have been used to detect low antitumor drug

concentrations at a single ceil level [158]. SERS was used in assays to detect

biiirubin and salicylate in whole blood at levels below the normal or therapeutic

level [160]. The sharp Raman bands were sufficiently resolved to allow the

analytes to be detected in the presence of a complex matrix such as whole

blood. A very exciting area is the use of SERS to monitor DNA and its

interactions [161-163]. For example, two probes specifically designed for

SERRS were used to detect a 2 x 10"^^ M solution of labeled DNA.

SERS-Based Detection for Chromatography

SERS has been used as the detection method for a variety of separation

techniques. For example, in thin-layer chromatography, a silver colloid solution

was concentrated on top of developed analyte spots [164-166]. In gas

chromatography applications, the effluent was trapped either in liquid colloid or
/

on TLC plates coated with silver [167,168]. A flow-cell was designed to accept a

SERS substrate for liquid chromatography experiments [169]. Recently, our

group has successfully demonstrated on-column SERS detection in CE, using

running buffers that contained suspensions of silver colloid [170]. The on-

column technique obtained characteristic SERS spectra of analytes in the 10'® to

10'® M ranges, with very little loss in separation performance. However an off-

column SERS technique would have several advantages, such as the ability to
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use long exposure times to increase the sensitivity, independent optimization of

the separation and detection conditions, and the opportunity to employ a variety

of SERS-active substrates, in the work reported herein, the effluent from a CE

capillary is EF deposited onto a SERS-active substrate. Subsequently, the

electropherogram bands are reconstructed and the characteristic SERS spectra

of the deposited anaiytes obtained. This was the first time that off-column SERS

detection had been demonstrated for CE.

Experimental

Chemicals and Materials

Unless otherwise noted, the chemicals used to perform the experiments

described in this paper were purchased from Sigma-Aldrich Chemical Co. (St.

Louis, MO, USA). Water was purified with the Nanopure, ultrapure water system

(Barnstead/thermolyne; Dubuque, lA, USA). Solutions were filtered and

degassed before use. Unless otherwise noted, the CE running buffer solution

was composed of 2-mM sodium tetraborate (pH ca. 9.5). The EF liquid sheath

solution was composed of 90 % methanol (Fisher Scientific; Pittsburgh, PA,

USA) and 10 % CE buffer at pH ca. 7. The resorufin, sodium salt was purchased

from Molecular Probes (Eugene, OR, USA). Benzyloxyresorufin (BzRes) was

purchased form GENTEST Corporation (Woburn, MA, USA). The test

compounds were diluted to the appropriate concentrations in CE buffer prior to

analysis.
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CE Separations and EF Deposition

The CE and EF systems were described in Chapter 2. For the following

experiments, a running voltage of 17 kV was used; this was increased to 19 kV

when an EF voltage of ~2 kV was applied. Fused-silica capillaries (Polymicro

Technologies; Phoenix, AZ, USA), 50 pm i.d., 360 pm o.d., 45 cm in length (40

cm to the laser-induced fluorescence (LIF) window) were tapered to reduce the

mixing volume at the end of the CE capillary. Hydrodynamic injections were

made at a height of 10 cm for 10 s. A helium-cadmium laser operated at 325 nm

and 10 mW (Omnichrome; Chino, CA, USA) was used to excite the on-column

fluorescence. The SERS substrate was mounted on an aluminum block that was

heated to ~ 100 °C to reduce band broadening. The SERS substrate was

translated under the EF tip at a rate of 1.0 cm/min. For the on-column

experiments, the retention times (tr) were obtained from the maximum of the

peak profiles. The theoretical plate numbers were calculated by the half-height

method (N = 5.54(tr/wi/2)^), where tr is the retention time and wi/2 is the width at

half-height. For the off-column experiments, tr was estimated from the on-column

tr, taking into account the extra 5 cm of column.

SERS Substrates

The procedure for the silver-colloid preparation was modified from the

traditional sodium citrate reduction method [171]. Silver nitrate (180 mg) was

dissolved in 500 mL of H2O and brought to a vigorous boil. While boiling

continued, a solution of 2% sodium citrate (10 mL) was added drop wise. The
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solution was kept at a boil until the volume was reduced, through evaporation, to

approximately 250 mL. Allowing the colloid solution to evaporate to a volume

much lower than 250 ml resulted in an excessive amount of silver precipitating

out-of-solution. The final solution was stored at room temperature in an amber

bottle until use. Solutions stored up to four months have been used to produce

quality SERS spectra. The solutions were evaluated using a UV-Vis

spectrometer.

SERS-active substrates were prepared by using a MCN-100 high-

efficiency nebulizer (CETAC Technologies Inc.; Omaha, NE, USA), shown in

Figure (4.1a), to spray the previously prepared silver colloid solutions onto

roughened-glass microscope slides (Erie Scientific Co.; Portsmouth, NH, USA).

This nebulizer produces a fine mist (see Figure 4.1b), which effectively produces

a complete coverage of the silver-colloid solution. Prior to silver deposition, all

slides were leached in 3 M nitric acid for ~ 10 min., rinsed with ultra-pure water,

and stored in methanol until use. The nebulizer was held at a height of ~ 3 cm

above the microscope slide. The microscope slides were placed on a hotplate

(Barnstead/thermolyne; Dubuque, lA, USA) at a temperature of -150 °C during

colloidal deposition. A 2-mL volume of the silver-colloid solution was sprayed at

a flow rate of - 100 pL/min during the deposition process to create a 0.5 cm by 2

cm band of silver nanoparticles. The nebulizer was translated continuously over

the microscope slide at a sufficient speed to facilitate drying of the deposited

colloid.
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After preparation, the substrates were stored in the dark and under

nitrogen. All substrates were submersed in water for ~ 15 minutes to reduce the

background before EF deposition. For the self-assembled monolayer (SAM)

experiments, the substrates were submersed in a solution of 4-mM

dodecanethiol for ~ 30 min. The SERS substrates were evaluated with a Joel

JSM-5300 scanning-electron microscope (Joel; Peabody, MA, USA) and with an

X-ray photoelectron spectrometer (Kratos Analytical; Chestnut Ridge, NY, USA).

SERS Detection Instrumentation

A bench-top confocal Raman spectrometer was assembled as shown in

Figure (4.2). A Lexel 3500 CW argon ion laser (Lexel Laser, inc.; Fremont, OA,

USA) was tuned to the 514-nm line. The laser was directed onto a 1-inch

holographic notch filter (Kaiser Optical Systems, Inc.; Ann Arbor, Ml, USA) at an

angle so the 514-nm light would be reflected onto a microscope objective (20X,

0.45 NA). The microscope objective focused the laser beam onto the SERS-

active substrate. A translation stage was used to translate the substrate under

the focused laser beam. The Rayleigh and Raman scatter from the substrate

was collected and collimated by the same microscope objective. The collected

light was directed onto the previously mentioned notch filter, which was angle

tuned to pass the Raman scatter and filter most of the Rayleigh scatter. The

scattered light was then focused into a Model 1235 Digital-Triple Spectrograph

(EG & G Princeton Applied Research; Princeton, NJ, USA). The 1200 g/mm

grating of the spectrograph dispersed the light onto a Model 1455A Intensified
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Figure 4.2 Schematic diagram of the confocal-Raman instrument used for
obtaining SERS spectra and reconstructing the off-column electropherograms.
Figure Labels: S1 and S2 are adjustable iris diaphragms, L1 is a lens, and M1
and M2 are mirrors.
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diode array (EG & G Princeton Appiied Research; Princeton, NJ, USA). Unless

noted otherwise, all experiments were performed with a 1-second exposure,time.

Results and Discussion

Development of SERS-Active Substrates

Control of the preparation chemistry is essential to reproducibly preparing

SERS substrates from colloidal solutions. The most widely used colloids are

prepared by the reduction of silver nitrate with sodium citrate or sodium

borohydride; the citrate produces a more uniform nanoparticle-size distribution

[147]. Many studies have already been carried out to characterize the citrate

colloid preparation [146]. For 514-nm electromagnetic radiation, the optimum

silver particle size is ~ 100 nm [172]. In the work reported herein, the colloid

preparation was optimized to reproducibly prepare relatively monodispersed 100-

nm diameter silver nanoparticles, and at a high concentration so to minimize the

volume and time needed to produce a complete silver coverage on the

microscope slides using the high-efficiency nebulizer.

The concentrations of silver nitrate and sodium citrate were optimized and

evaluated by UV-Vis absorption spectrometry (UV-Vis) and by scanning-electron

microscopy (SEM). In the optimization studies,,three different concentrations

were used: a.) 0.09 g silver nitrate, 1 % citrate, b.) 0.18 g silver nitrate, 2 %

citrate, and c.) 0.36 g silver nitrate, 4 % citrate. The colloids were prepared as

described in the experimental section, except at the specified reactant
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concentrations. The UV-Vis absorption spectrum contains information about the

particle concentration (absorbance), particle size (position of A.max)> and dispersity

of particle size in solution (width of absorbance band). The UV-Vis and SEM

analyses indicated that preparation (b) had the largest concentration of

nanoparticles with appropriate and most uniform particle size. From the SEM

micrographs in Figure (4.3c), it was determined that the silver nanoparticles in

preparation (b) were ~ 100 nm in size. Preparation (c) gave similar results,

however the higher concentrations of reactants resulted in an excessively large

amount of silver precipitating out-of-solution. Based on the above results,

preparation (b) was chosen for these studies. Colloid solutions have been

prepared a number of times by this method and used over a four-month period

without any appreciable change in the observed SERS properties.

The high-efficiency nebulizer used to prepare substrates produces a fine

mist, which facilitates drying and creates a complete silver coverage on frosted

microscope slides. The frosted-glass adds to the physical robustness of the

substrates (i.e., the silver will not easily wipe-off). In Figure (4.3a), a picture is

shown of four nanoparticle silver bands that were created by spraying silver

colloid solutions onto a microscope slide. Even after colloidal deposition, the

underlying pm-sized features of the roughened microscope slides are evident in

Figure (4.3b). Illustrated by the SEM micrographs in Figure (4.3c), a 2-mL

volume of the colloidal solution resulted in a heterogeneous, loosely packed

array of ~ 100-nm silver particles that forms a relatively complete surface
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Figure 4.3 Images of the SERS substrate: (a) picture of four bands of
deposited silver nanoparticles on a 2-Gm wide frosted-glass microscope slide, (b)
and (c) SEM micrographs of deposited silver nanoparticles on roughened-glass
microscope slides at different magnifications, and (d) SEM micrograph of
deposited silver nanoparticles after water was allowed to slowly dry onto the
surface.



coverage. The interstitial spacing of the nanoparticles varies from a few to tens

of nm throughout the substrate. This spacing could be Important In obtaining 'hot

spots' that produce an extremely large enhancement [154]. . Additionally,

substrates used In these studies contained several layers of sliver nanoparticles,

which increases the probability of sampling hot spots within a given area.

Importantly, these substrates are easy to prepare, reproducible, and sensitive.

Carbonaceous contamination on the SERS surfaces can Interfere with the

spectra and Increase the detection limits, thus hindering the analytical utility of

SERS [173]. As shown In Figure (4.4a), the sliver colloid prepared substrates

have a considerable background spectrum In the region of 1100 and 1600 cm-1,

which Is most likely due to Raman scattering from the residual citrate.

Demonstrated by the SERS spectrum In Figure (4.4b), the background Is

reduced by submerging the substrate In water for ~ 15 minutes, presumably the

excess citrate Is dissolved from the surface. X-ray photoelectron spectroscopy

was used to map the silicon, sodium, carbon, and silver before and after washing

the substrate with water. As shown In Figure (4.5), after washing, the sodium

and carbon decreased and the sliver Increased with no significant change In the

silicon. It Is very Important to dry the substrate quickly with a large flow of inert

gas. As Illustrated In Figure (4.3d), If the water Is allowed to dry slowly onto the

substrate the silver nanoparticles fuse together changing their size and interstitial

spacing. This results in a complete loss of the SERS signal.
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Figure 4.4 Background spectra of SERS substrate: (a) unwashed and (b)
washed with water. Conditions are described in the experiment section.
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Optimization of CE and Raman Conditions

Much effort has been put forth into developing surfaces that are SERS-

active. However, the chemical states of the analyte and the sample matrix are

equally important to obtaining quality SERS spectra [151]. Two effects, which

could reduce the SERS signal by hindering the analyte molecules from coming

into contact with the silver, are pH induced electrostatic interactions and matrix

components that sterically hinder the analyte molecule-surface interactions, in

CE, there are a large number of buffer solutions covering a wide range of pH

values that can be employed to separate anionic, cationic, and neutral analytes.

Hence, the CE buffer and its affect on the analyte need to be considered when

developing a SERS method.

For the initial studies, a borate buffer was employed due to its wide range

of applications in CE. In Figure (4.6a), the SERS spectrum is shown for a 10'® M

injection of erythrosin B obtained following electrophoresis using a 4 mM borate

(pH ~ 9.3) running buffer. Erythrosin B is a negatively charged, fluorescent

compound: when it is in contact with the silver nanoparticles the fluorescence is

effectively quenched and the Raman signal is enhanced. The radiationless decay

rate (quenching) decreases as d^ (d is the distance measured from the metal

surface to the molecule) [136]. Under the conditions of the borate buffer, the

fluorescence is not adequately quenched; presumably, the erythrosin B is

electrostatically repelled by borate on the surface of the silver nanoparticles.

As demonstrated in Figure (4.6b), after the analytes have been EF deposited

onto SERS-active substrates, washing the substrates with water can
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Figure 4.6 SERS spectra of 10"'" M erythosin B injected and EF deposited onto
the SERS-substrate; (a) before washing the deposited CE band with water and
(b) after washing the deposited CE band with water. Conditions are described in
the experimental section.
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greatly improve the spectrum. Possibly, the dried running buffer is being

preferentially dissolved into the water, allowing the erythrosin B molecules to be

in close contact to the silver surface. The effective temporal width of the

electropherogram peaks broadened from ~ 3 sec to ~ 5 sec after washing with

water. A self-assembled monolayer (SAM) formed on the colloidal surface

reduced the broadening. Although the running buffer does not affect the SERS

signal of every compound, these effects should be further investigated

considering the complexity of some CE separation buffers (e.g. micelle solutions

and cyclodextrins).

The above experiments demonstrate one advantage of off-column

detection: the separation and detection are separated in time and space, thus

allowing the SERS-active substrate to be optimized after EF deposition.

Additionally, the off-column detection permits the use of long exposure times,

which will increase the signal-to-noise ratios. In SERS analyses, either

increasing the laser power or increasing the exposure time of the detector can

improve the signal-to-noise. As expected in Figure (4.7a), the signal-to-noise

ratios of the Raman bands for the fluorescent dye Rhodamine 6G are increased

with extended exposure times. However as shown in Figure (4.7b), as the laser

power is increased the Raman spectrum degrades. Potentially at high laser

powers, a carbon layer could be created by the photodecomposition of the

analyte. Admittedly, photodecomposition is a greater problem for a compound

like rhodamine 6G because of its high absorption coefficient at the laser

wavelength. In solution work, due to constant replenishing of the molecules at the
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Figure 4.7 SERS spectra of rhodamine 6G: (a) showing the effects of
increasing the diode-array exposure time and of (b) increasing the laser power.
A solution of 10'® M rhodamine 6G diluted in CE buffer was EF deposited onto
the SERS substrate. Conditions are described in the experimental section.
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colloid surface, higher laser powers can be used (e.g., our prior on-column CE-

SERS report) [170]. Nevertheless, long exposure times are not an available

option for on-column detection techniques.

Evaluation of CE/SERS Technique

The compounds that have been chosen to demonstrate the CE-SERS

technique are compounds of biological significance: benzyloxyresorufin (BzRes),

resorufin, and riboflavin. At the running buffer pH, BzRes is a neutral relatively

non-fluorescent compound, whereas riboflavin and resorufin are negatively

charged and exhibit good fluorescent quantum yields. For riboflavin and

resorufin, the relevant excitation A,max values are 475 and 565 nm and the

emission A-max values are 520 and 590 nm. Resonance enhanced Raman

signals without interfering fluorescence may be achieved at the metal surface.

Several examples of SERS spectra for riboflavin (vitamin B2) appear in the

literature [170,174]. BzRes and resorufin are the substrate/product pair used in

enzyme-based assays. Their structures and fluorescence excitation/emission

spectra are shown in Figure (4.8). To our knowledge, this is the first time that

SERS spectra have been reported for these two compounds. Traditionally,

fluorescence has been used to monitor the resorufin-based assay reactions, by

detecting a highly fluorescent product (resorufin) that is produced from the

reaction of an enzyme with a weakly fluorescent substrate (BzRes) [175].
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the SERS experiments. The fluorescence emission and excitation spectra for
resorufin.
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Several examples of using CE with laser-induced fluorescence (LIF) and UV-Vis

absorption detection for enzyme and enzyme-based assays appear in the

literature [176,177]. Potentially, CE-SERS is an alternative technique that may

provide unambiguous detection of reactants and products in complex-biological

assays.

A 10'® M test mixture was injected onto the CE column, separated, and EF

deposited onto a plain-SERS-active substrate. In Figure (4.9), the on-column

electropherogram and the off-column electropherogram bands are compared.

The on-column electropherogram was measured at the LIF cell, whereas the off-

column electropherogram, bands were reconstructed by scanning across the

SERS substrate. A specific Raman band, as specified in Figure (4.10), was

plotted as a function of time to recreate the electropherogram from the EF

deposited analytes. Due to the limitation of the data acquisition software, a 3-

dimensional plot of time (or position on substrate) vs wavenumber vs intensity

could not be obtained. Of course, an advantage of the off-column approach is

that real time acquisition and storage of extensive amounts of spectral data,

much of which is useless, is not required. The full SERS spectrum in Figure

(4.10) was obtained only at the electropherogram peak maximum. For these

experiments, the substrates were not washed with water after the analytes had

been EF deposited. The average on-column efficiencies were 156,000 plates/m,

compared to the average off-column efficiencies of 100,000 plates/m. The 36%

decrease in efficiency is due to the EF process and to band broadening occurring
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Figure 4.10 The full SERS spectra obtained at the maximum of the CE bands in
Figure 4.9b. Conditions are described in the experimental section.
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post deposition on the SERS substrate, in spite of that, the advantages of

obtaining information-rich spectra greatly out weight the loss of some separation

efficiency. The reproducibility of the SERS signal measured at the 571 cm"^

Raman band was 11 % RSD for five injections of 10"® M resorufin. This not only

reflects the reproducibility of the SERS measurement, but also the CE and EF

processes. For plain-SERS substrates, SERS spectra with major Raman bands

exhibiting S/N ratios greater than 3 were obtained for a 3.2-nL injection of

resorufin at a concentration of 10'® M (706 fg).

In off-column SERS detection, a variety of substrates can be used to

potentially improve the detection performance. For example, an organic layer

formed by a self-assembled monolayer (SAM) could be used to concentrate the

analyte on the SERS surface through selective absorption. Many examples of

SAMs formed on gold and silver surfaces can be found in the literature [178-181].

For the following experiments, dodecanethiol was used to form a SAM on the

deposited silver nanoparticles. The alkanethiols can easily form strong Ag-S

bonds. Modification of the silver surface with a self-assembled monolayer (SAM)

has the potential to improve the detection limits and reduce the on-substrate

band broadening.

The dodecanethiol reaction with the silver substrates, was optimized with

respect to the dodecanethiol concentration and the reaction time. As shown in

Figure (4.11), a maximum SERS intensity was achieved for substrates that were

emersed for a time of 15 minutes in a 4-mM dodecanethiol solution. By changing

the concentration and time of reaction, the surface density of the dodecanethiol
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on the SERS substrate was optimized. At the previously specified conditions (4-

mM for ~ 15 min.), the EF deposited analytes were effectively concentrated, as

well as positioned in close proximity to the roughened SERS substrate. At lower

surface densities, the SAM would not adequately concentrate the EF deposited

analytes. At higher surface densities, the EF deposited analytes would be

adequately concentrated, however their position relative to the roughened

surface may not be optimized.

In Figure (4.12), calibration curves are demonstrated for the plain- and

dodecane-SERS substrates. For these experiments, the analytes were diluted

in CE buffer and EF deposited onto the SERS substrates at a translation rate of

1.0 cm/min. As can be inferred from the calibration curves, EF depositing the

analyte onto a SAM resulted in improved sensitivity. The detection limits for

resorufin EF deposited onto the plain- and dodecane-SERS substrates were 10"®

M and 10"^ M, respectively. The width of the deposited band for the plain-SERS

substrate (no SAM) was ~ 375 pm, which was decreased to ~ 175 pm for the

dodecane-SERS substrate. The analytes were more spatially focused (i.e.

concentrated) on the SAM surface, which may have contributed to the increased

sensitivity for the dodecane substrate. Additionally through selective absorption

of the analytes by the SAM, improvements in sensitivity could be a result of

reducing any detrimental electrostatic or steric interactions between the analyte,

the buffer, and the silver surface. Furthermore, the properties of the SAM (e.g.

the dielectric constant) could further enhance the local electric fields present at

the surface of the colloidal silver, thus increasing the SERS signal [182]. After
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deposition of the anaiytes, the SAM substrates were washed with water, which

resulted in only a marginal increase in effective track width on the SERS

substrate (from -175 pm to - 200 pm). This is a substantial improvement over

the plain-SERS substrates. In addition to the above advantages, an added

dimension of selectivity could be obtained by applying highly selective SAM, such

as with thiolated cyclodextrins, to the substrate [183].

For the experimental set-up demonstrated in this paper, the on-column

detection technique (either UV-Vis, LIP, or electrochemical methods) could

provide quantitative analysis, whereas the off-column SERS technique could

provide analyte identification. However, to reach its full analytical potential,

quantitative and qualitative analysis should be accomplished simultaneously by

SERS. For the dodecane-SERS substrate, the calibration has two distinct

regions: one from 10'^ to 10"® M, and a second one from 10"® to 10"® M. The first

region may correspond to the distributed mass range leading up to the

completion of a molecular monoiayer on the SERS substrate or, more likely,

occupation of the most SERS-active sites. The first layer of molecules would,

result in a more dramatic SERS effect, which is reflected in the steeper slope.

The second region may result from molecules being distributed less optimally on

the substrate [184]. if a wider dynamic range was achievable, it is expected

that the piain-SERS substrate would also have two regions. Nevertheless,

quantitative analysis should be possible for both types of substrates.
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Chapter 5. SUMMARY AND FUTURE STUDIES

In many respects, CE has approached the mature stage of its

development, however for CE to reach its full potential advances are needed

in the development of more selective and sensitive detectors. A technique

that efficiently preserves the separation on a planar substrate would result in

opportunities for new detection strategies. In the work previously described,

the electrofilament mode of electrospray was successfully developed to

deposit the effluent from a CE column onto a planar substrate. This was the

first time that ES conditions had been optimized to produce a liquid filament

for the purpose of depositing spatially focused bands. With the application of

the EF voltage, a decrease in on-column separation performance was

observed. However, by raising the inlet of the CE column a hydrodynamic

flow was generated that reduced the adverse EF effects.

Under optimized conditions, the on-column CE separation was deposited with

only a marginal decrease in the efficiency and resolution. Potentially, the

advantages of an off-column technique would greatly outweigh this minimal

loss of separation performance.

To demonstrate the usefulness of the EF technique, the

CE effluent was deposited onto planar substrates; subsequently, two-

dimensional separations and SERS-based detection was demonstrated. For

the 2D separations, CE was combined with TLC for the first time to separate
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the enantiomers of several amino acids. The off-column approach allowed

independent optimization of the general and enantiomeric separation

conditions, which was shown to be problematic with conventional one-

dimensional CE. Additionally, when compared to one-dimensional CE there

was a considerable increase in peak capacity. The CE-TLC technique offers

an alternative approach to multidimensional separations when analyzing

volume-limited complex samples.

Developing a SERS-based detection technique for CE, clearly

demonstrated the advantages of the off-column approach. By employing EF

deposition, the effluent from a CE column was efficiently transferred onto a

SERS-actlve substrate, subsequently distinctive SERS spectra of the CE

separated analytes were obtained. This was the first time that SERS was

used as an off-column detection method for CE. Although very little effort

was spent on assigning the observed bands to particular vibrational modes,

clearly the information-rich spectra will be valuable for identifying peaks in

complex samples. An advantage of the off-column approach is the

separation and the detection techniques are de-coupled in time and space,

which allows the SERS substrates and Raman

conditions to be optimized independently to reduce the background and

obtain the best SERS signals. Successfully separating, detecting, and

obtaining distinctive spectra of biological-assay compounds, such as

resorufin, demonstrates one of the many potential applications for the CE-

SERS technique.

140



The author acknowledges that continued development of the EF

deposition technique would be beneficial, for example monitoring of the EF

current and better control of the sheath-solution flow rate. However, the more

significant advances will occur through research and development of novel

detection strategies. For SERS-based detection significant improvements

could be realized by nano-fabricating substrates with the most SERS-active

sizes, shapes, and interstitial spacing. Thus, generating a substrate with

higher field enhancements that occur uniformly across the surface.
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