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ABSTRACT OF DISSERTATION

INNOVATIONS IN MICROCHIP CAPILLARY
ELECTROPHORESIS FOR THE DIRECT DETECTION OF

BIOLOGICALLY IMPORTANT MOLECULES

Microchip capillary electrophoresis (MCE) and related techniques have benefits
over conventional separation instrumentation, including small size, high speed (seconds
time scale), and low sample consumption (pL injection volumes). These features make
MCE an attractive separation method, particularly for point-of-measurement applications.
This thesis will demonstrate improvements made to MCE coupled to electrochemical
detection (EC) in the forms of increased sensitivity through the use of microwire
detection electrodes and microwire decoupling electrodes, increased selectivity from the
use of multiple detection techniques such as pulsed amperometric detection as well as
dual electrode detection and improvements in the materials chemistry through the use of
alternate microchip materials.

CE and MCE are relatively new separation techniques. CE was first developed by
Jorgensonl in 1981 and MCE was developed shortly after that in 1992 by Manz.?
Detection with MCE is most commonly accomplished using laser induced fluorescence
(LIF). While LIF detection has the benefit of high sensitivity and low limits of detection

it has some drawbacks, including difficulties in miniaturization, portability and higher
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costs than some detection instrumentation used with microchip CE. EC was later coupled
to MCE devices> In contrast to LIF, EC is easily miniaturized and existing
instrumentation is already portable. EC, however, has a few inherent problems: high
noise levels limit sensitivity and in its most common form, DC amperometry, it is limited
to a small number of easily oxidizable or reducible analytes. In my work I systematically
addressed these issues by improving the design and construction of EC detection
electrodes. I will show that increased sensitivity and decreased detection limits are
possible through the incorporation of microwire working electrodes and a microwire
decoupler. The incorporation of a palladium decoupler for the isolation of separation
current from the detection current allows for decreased background, and in turn, lower
detection limits. I will also address the low number of detectable analytes and the lack in
selectivity of DC amperometry through the use of pulsed amperometric detection (PAD)
and dual electrode detection, respectively. PAD will increase the number of detectable
analytes allowing for the direct detection of carbohydrates, amines and thiols. Dual
electrode detection will increase selectivity by allowing multiple potentials to be utilized
for the selective detection of compound with reversible redox reactions as well as
analytes with specific oxidation potentials in complex mixtures. As a final example of
the applicability of the chemistry I have developed the direct detection of proteins using
hemoglobin, myoglobin, albumin and concanavalin A as models.

Materials chemistry is also beginning to play a more important role in MCE
because of the use of polymers as substrates. Poly(dimethylsiloxane) (PDMS) has
become one of the most widely used materials for microchip capillary electrophoresis and

microfluidics. The popularity of this material is the result of its low cost, simple
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fabrication, and rugged elastomeric properties. The hydrophobic nature and lack of
surface stability of PDMS limit its applicability for MCE. The surface of PDMS can be
made hydrophilic using a simple air plasma treatment; however, this property is quickly
lost through hydrophobic recovery caused by diffusion of unreacted oligomers to the
surface. This hydrophobic recovery causes the MCE devices to have poor separation
efficiencies and large peak tailing (peak skew). In my work I will address these issues
through a simple extraction and oxidation of PDMS as well as exploring alternative
microchip materials. PDMS can be extracted in a series of solvents designed to remove
unreacted oligomers from the bulk phase. Then the oligomer-free PDMS is oxidized in a
simple air plasma, generating a stable layer of hydrophilic SiO,. The extracted oxidized
PDMS (EO-PDMS) shows a dramatic increase in separation efficiencies and a decrease
in peak skew from 3.2 on native PDMS to 1.2 on EO-PDMS.  The introduction of
thermoset polyester (TPE) as an alternative microchip material will also be presented.
TPE shows promise as a merger between the ease of fabrication and cost effectiveness of
PDMS and the higher separation efficiencies and increased surface stability of other
polymers such as Poly(methylmethacrylate) (PMMA) and Poly(carbonate) (PC). These
benefits will be shown in the form of increased separation efficiencies and decreased
peak skews.

Jonathan A. Vickers
Chemistry Department
Colorado State University
Fort Collins, CO 80523

Fall 2007
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separation channel. To the right is a photograph showing the electrode alignment in a
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Chapter 1

An Introduction to Microchip Capillary Electrophoresis

Coupled to Electrochemical Detection
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1.1 Capillary Electrophoresis

Capillary electrophoresis (CE) is a separation technique based on the
electrophoretic mobility of an analyte in an open tubular capillary in the presence of an
electric field. In the late 1970’s / early 1980’s Mikkers' and Jorgenson and Lukacs 23
showed CE to be a viable analytical separation technique. CE demonstrated the ability to
produce high resolution separations of both large and small molecules while using very

small sample (nL injection volumes) and reagent volumes (uL).

1.1a Modes of CE

Today, CE encompasses a collection of separation techniques which involve the
use of high voltages applied across buffer filled capillaries to achieve separation. The
various modes of separation are as follows: Capillary zone electrophoresis (CZE) or free
solution CE (separation based on the ratio of charge to hydrodynamic radius between
analytes)'™ (Figure 1.1A), micellar electrokinetic chromatography or MEKC (separation
of compounds based on partitioning into and out of surfactant based micelles)* ° (Figure
1.1B), capillary gel electrophoresis or CGE (sieving of solutes through a gel matrix),>
capillary isoelectric focusing or CIEF (separation within a pH gradient based on pD),% and
capillary electrochromatography or CEC (capillary packed with a chromatographic
stationary phase where separation selectivity is a combination of both electrophoretic and
chromatographic processes).9 Most of these CE separation techniques rely on the
presence of an electrically induced flow of solution (electroosmotic flow, EOF) within
the capillary to drive solutes towards the detector. CZEs primary use is in the separation

of small charged analytes, while MEKC has more benefits when looking at neutral
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analytes or large compounds such as proteins. Schematic drawings showing
representations of CZE and MEKC are provided in Figure 1.1 since these two methods

were used in the following work.

1.1b Electroosmotic Flow

Electroosmotic flow is a bulk fluid flow process that greatly aids in CE
separations. The walls of a capillary are ionized when brought into contact with a high
pH electrolyte solution. This produces a negatively charged capillary wall. Cations from
a background electrolyte are attracted to the negatively charged wall and form an

10 A voltage is applied and the cations associated with the wall

electrical double layer.
migrate towards the cathode pulling the associated background electrolyte (BGE) with
them. This flow effectively pumps solute ions along the capillary toward the anode. If
the surface charge of the capillary is reversed, anions associate with the channel wall and
the resulting flow direction is reversed. The extent of the flow is related to the charge on
the capillary, the buffer viscosity and dielectric constant of the buffer. The magnitude

(Meof) Of the EOF is given by equation 1.1 and the linear velocity (veor) is described in

equation 1.2.

“eofz(gc/47tnr) qu'l
Where: peor = EOF mobility (rate of EOF), n = viscosity, { = zeta potential (charge on

capillary surface), r = capillary radius

Veof = Heof (V/L) Eq 1.2

Where V is the applied voltage, and L is the capillary length.
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Figure 1.1: A) Capillary zone electrophoresis. Negatively charge capillary walls attract
positive ions from the BGE. When a potential is applied across the capillary an
electroosmotic flow is created causing flow through the capillary. Separation of analytes
is based on charge to hydrodynamic radius with small highly positive ions (dark green)
coming off first followed by larger less positive charged species (light green). Small
highly negative charges come off last (dark red). Neutral analytes (yellow) travel with
the EOF and are not separated. B) Micellar electrokinetic chromatography. Separation

based on partitioning of analyte into and out of micelles.
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The EOF is dependent upon BGE pH as the £ is largely governed by the charge
on the capillary wall. ¢ is defined as the potential generated through electrostatics by the
accumulation of ions at a surface arranged in an electrical double-layer.2 Below pH
7, £is low and therefore EOF is small, while above pH 9, the capillary wall has a

significant negative charge and the EOF is high. £ is also affected as the ionic strength of
the BGE changes. The EOF decreases as the BGE concentration increases because the
zeta potential is reduced. The generation of flow at the capillary walls causes the flow
profile of EOF to be plug-like, as shown in Figure 1.2, minimizing sample dispersion. 1
This plug-like flow is an advantage compared to the flow encountered in liquid
chromatography (LC), which relies on high pressure pumps to induce flow and generates

parabolic flow (Figure 1.2).

1.2 Microchip Capillary Electrophoresis

MCE has come about as an adaptation of conventional CE using microfabricated
channels.'> The driving forces behind this miniaturization include decreased sample
volumes (from nL to pL), decreased analysis times (from min. to sec.) and the ability to
incorporate multiple processes present in a conventional CE system onto a single device.
Interest in these microanalytical devices has grown .immensely recently and opened
possibilities for the miniaturization of conventional chemical and biochemical analysis.'*

'8 The ability to miniaturize analytical devices provides decreased analysis time (seconds

scale), integration of sample processing, high portability, high throughput
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A. Parabolic flow

B. Plug flow

Figure 1.2: A) Pressure induced flow through a capillary. Friction at the walls causes a
parabolic flow profile. B) Electrophoretic flow through a capillary. Flow induced

at the walls of the capillary causing a plug like flow.
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(hundreds of simultaneous runs), minimal reagent consumption (pL), and low cost (cents

1920 Two of the major limitations associated with MCE are the detection

per chip).
methods coupled to the microchip and the materials that the microchips are constructed

from. This thesis focuses on the aspects needed to overcome these limitations.

1.3 MCE-EC

As the field of microfluidic devices continues to grow, there is an urgent need to

21, 22

develop suitable detection modes. Absorbance, mass spectrometry,”> 2 laser-

25, 26 27, 28

induced fluorescence (LIF), electrochemical techniques and other detection
methods®®>* have been coupled with MCE. Of these methods electrochemistry is
arguably the most attractive for development of point of care devices.

Electrochemical detectors respond to substances that are either oxidizable or
reducible and the electrical output results from an electron flow caused by the chemical
reaction that takes place at the surface of the electrodes. The detector normally has three
electrodes: the working electrode (where the oxidation or reduction takes place), the
auxiliary electrode (supplies or accepts electrons to facilitate the oxidation or reduction)
and the reference electrode (an electrode with a known half-cell potential that is not
affected by the solution being studied, that the working electrode response is referenced
to). Electrochemical detection (EC) instrumentation is attractive because it is less

F 25, 26

expensive and less complex than optical detection systems such as LI and mass

2.3 while still offering comparable mass sensitivity levels. The most

spectrometry
common EC detection technique is amperometry. In amperometry, a constant potential is

applied to a working electrode and the analyte is oxidized or reduced and the current
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measured (Figure 1.3A). Many compounds are electrochemically active,"” but only a few
of these analytes are easily detected with dc amperometry because of electrode fouling.**
3% Carbohydrates,® thiols, and phenols ** are among the more common analytes that
cause electrode fouling. To overcome this problem a potential waveform known as
pulsed amperometric detection (PAD) can be applied®®>® (Figure 1.3B). In PAD, a high
positive potential is first applied to oxidize and clean the surface of a noble metal
electrode (Pt or Au). Next, a negative potential step is applied to reduce and reactivate
the electrode surface. A third potential is applied for detection. A typical PAD
waveform is 250-300 ms and detection potential can be set to control selectivity. PAD
has been shown to be useful for the detection of carbohydrates, amino acids, thiols, and

40-45
C,

alcohols when coupled to conventional CE and L all of which are important in

biological processes.”® *6:47
The interest in MCE-EC has grown because the fabrication methods for both the
microchips and the electrodes are similar. Although microfabricated electrodes have

4,5 they have several disadvantages. First, the microfabrication

become widely use
process requires a clean-room facility, which increases the microchip cost. Second, the
lifetime of a microfabricated electrode can be affected by the BGE and other

1 Once the electrode fouls, a new chip must be made, which

experimental conditions.
further increases the cost of the analysis. Microfabricated electrodes can also delaminate

as a result of their use and/or cleaning. Finally, the alignment of the electrode is a

significant concern when irreversible sealing is used for the assembly of the microchip.”
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Figure 1.3: Electrochemical detection techniques: A) Amperometric detection, a
constant potential is applied to the working electrode to oxidize or reduce the analytes of
interest and B) Pulsed amperometric detection (PAD), a potential waveform is applied to
the working electrode. An oxidative cleaning potential (high positive) is followed by a
reductive regeneration potential (negative) to clean the working electrode before a

detection potential is applied to oxidize or reduce the analyte of interest.
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In an effort to develop a more versatile electrode system, end-channel working
electrodes have been used. End-channel detection refers to the system where the
detection electrode is placed just outside of the separation channel and is separate from
the microchip.53 Figure 1.4 shows a visual representation of multiple electrode alignment
techniques. The systems are generally easier to construct than microfabricated systems.
The coupling of end-channel electrodes with a MCE device, however, creates
complications in obtaining precision spacing between the separation channel exit and the
working electrode.>® For instance, if the detection surface of the working electrode and
the side of the microchip are not exactly parallel to one another, the working electrode
collides with the edge of the microchip as it is moved toward the channel exit, preventing
optimal alignment. If the gap between the separation channel exit and the working
electrode is too large, the sample plug diffuses into the detection reservoir before the
analyte can be detected. This diffusion results in a loss in peak efficiency and intensity.
Finally, end-channel electrodes require an alignment device which reduces portability
and increases the cost and complexity.

A new approach to the integration of electrodes in MCE-EC devices was
presented by Martin et al.” Their system placed the working electrode directly in the
separation channel. The results showed that aligning the electrode directly in the
separation channel leads to a vast improvement in the performance of EC detection for

MCE compared to the commonly used end-channel alignment even without use of

10
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Figure 1.4: Electrode alignment techniques. A, B) End channel detection, the working
electrode is aligned outside of the separation channel, either on or off chip. C) In channel
detection, the working electrode is aligned in the separation channel. D) Off channel
detection, the working electrode is aligned in the separation channel but outside of the
separation potential. This is usually done through the incorporation of a current

decoupler.
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decoupler.”® However, the system required an electrically isolated potentiostat making
the instrumentation complex.>®

A simple design using microwires as in-channel working electrodes for MCE-EC
has been shown to alleviate many of the problems associated with more traditional thin
film electrodes and is the focus of this thesis.>®>”>® The microwire is aligned across the
separation capillary using a channel patterned in the PDMS. The method provides
excellent chip-to-chip reproducibility of the working electrode location. Furthermore,
because the microwire has a larger surface area exposed to flow than conventional

approaches, higher collection efficiencies can be achieved.

1.4 Current Decoupler

A current decoupler (decoupler) is used to isolate the separation potential/current
from the detection current, eliminating noise in the system (Figure 1.5). The most
commonly used material for this type of decoupler is palladium.> 60 Briefly, during
electrophoretic separation, the high electric field seen in these microchips is sufficient for
the electrolysis of water (see equation 1.3).

One of the most commonly used microchip decouplers is a thin film electrode that
spans the separation channel upstream from the detection electrode.”® ®" % The problem
with thin film decouplers is the same as the thin film working electrodes discussed above.

The fabrication of the electrode and alignment in the channel has been shown to be a
tedious and irreproducible process.*?° Applications and rationale for the use of the Pd-

metal decoupler have been shown by Kok and Sahin.*®

12
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Figure 1.5: Current decoupler is placed in the separation channel upstream from
the working electrode allowing the separation current to be grounded and isolated from
the detection potential. This allows for the benefits of both end and in-channel detection
to be exploited. Electroosmotic flow is seen upstream from the decoupler while
hydrodynamic flow is seen downstream from the decoupler and around the working

electrode.
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Anode(+)  2H,0 — O, +4H +4¢ Eq 1.3

Cathode(-) 4H,0 + 4¢ — 2H, + 40H

This electrolysis causes H, gas evolution at the cathode which interferes with the
separation as well as the electrochemical signal.®* When H, bubbles fill the separation
channel, EOF is lost due the removal of the electric field in the channel. Palladium
decouplers absorb and pass hydrogen. This unique property is due to hydrogen gas being
absorbed and quickly dissipated through the Pd and away from the BGE before bubbles

can form.%®

The decoupler allows for a working electrode to be placed across the
separation channel without the worry of hydrogen bubble formation. Without the
decoupler in place, the working electrode acts as a pseudo ground for the separation
potential and generate H, bubbles at the electrode. In an end channel configuration the
working electrode is placed at the end of the separation channel directly in the waste
reservoir. The placement of the working electrode here removes it from the separation
field and in turn does not allow it to generate bubbles. With a decoupler, the alignment
between the working electrode and the waste reservoir as seen in end-channel electrodes

is no longer a major concern due to the elimination of the hydrogen bubbles at the

working electrode by the decoupler. >

1.5 Materials for MCE

14
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1.5a Glass Microchips

The first CE microchips were made from glass."® Glass provided an attractive
initial material because the fabrication techniques were well established, the surface
chemistry was similar to fused silica used with traditional CE, and the substrates had
excellent optical clarity. Glass, however, is relatively difficult and expensive to
micromachine, requiring expensive cleanroom time and corrosive etchants (hydrofluoric
acid, HF). Thermal bonding, which is typically used in the fabrication of glass
microchips, is also considered time consuming. The geometry (depth and width) of
channels fabricated in glass is also limited by the etching technique used during
fabrication. Finally, optical quality glass is expensive relative to many other materials

that can be used for microfluidics and MCE.%

1.5b Polymer Microchips

As a result of the amount of time and high cost of fabricating glass chips there has
been significant interest in the development and use of polymers as substrates for
MCE.*® Numerous polymers have been used as substrate materials, including
poly(methylmethacrylate) (PMMA), %972 poly(carbonate) (PC),”> ™ polyester,”
thermoset polyester (TPE)’® 77 and poly(dimethylsiloxane) (PDMS).!” ® A benefit of
most polymeric devices is that they can be fabricated outside a cleanroom environment.
A range of fabrication methods can be applied to polymers, including soft lithography,’”
casting,'’ laser ablation,® injection molding ®' and hot embossing.*® Of the polymeric
materials used, PDMS is the most popular because it is inexpensive, has good optical

clarity and is elastomeric, giving it the ability to be used in active valving strategies.*
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Polymers are not without disadvantages, particularly for separation-based applications.
Polymer-based devices generally give lower separation efficiencies than glass, with
PDMS being the most egregious offender.?> The poor separation performance for PDMS
is the result of the hydrophobicity of the bulk material and the ability of low molecular
weight, non-cross-linked, oligomers to rapidly diffuse to the surface (< 30 min.),

8486 The result is an unstable hydrophobic

commonly termed hydrophobic recovery.
material with a heterogeneous surface chemistry. Despite these limitations, PDMS
remains an attractive material for MCE and microfluidics due to its ease of fabrication
and low cost. A number of research groups have sought to overcome the problems of
PDMS through careful control of the surface and/or bulk chemistry.”® Whitesides’
group was the first to address the problem in MCE by oxidizing the material in a simple
oxygen plasma.’’ The treatment, however, was unstable due to hydrophobic recovery.84'
8 More sophisticated methods for surface modification of PDMS have followed with
impressive results. Wirth’s group used atom-transfer radical polymerization to coat the
microchip surface with polyacrylamide.”® The method generated high efficiency
separations (> 33,000 N/m) for protein mixtures.”’ Allbritton’s group demonstrated an
alternative surface grafting approach.”™** Surfaces were functionalized with acrylic acid,
acrylamide, and poly(ethylene glycol) chemistries and showed a significant improvement
in separation efficiency and contact angle relative to native PDMS. The Culbertson
group recently published two methods for improving the separation efficiency of PDMS

89, 93

microchips. One method made use of a special micellar buffer that resulted in

3

separations with theoretical plates over 1x10° plates/m.”® In this work, the surfactant

(sodium dodecyl sulfate) played an important role in reducing absorption of hydrophobic

16
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compounds while also increasing EOF. In a second approach, the same group reported
the development of a novel sol-gel coating inside PDMS microchannels.*” *  The
coatings improved separation efficiency while also providing the ability to control the
surface chemistry by varying the sol composition. While all 0f these methods improve
the performance of PDMS, none of them has been widely adopted because of either a
limited set of surface chemistries or the apparent complexity of the treatment process.
One aspect of this thesis focuses on modifying PDMS to address these limitations.

The introduction of thermoset polyester (TPE) as an alternative microchip
material has shown promise as a merger between the ease of fabrication and cost
effectiveness of PDMS with the higher separation efficiencies (~100,000 N/m for neutral
compounds) and increased stability of PMMA and PC.”” The process of fabricating TPE
as a microfluidic device has been described previously by Fiorini et al.”® 77  With
fabrication techniques similar to PDMS, little to no modification to existing soft

lithography techniques are needed.*

1.6 Important Electrochemically Active Analytes

1.6a Catecholamines

Catecholamines are a group of compounds with active roles in the sympathetic
and parasympathetic nervous systems.” Their chemical makeup is derived from tyrosine
and secreted by the adrenal glands in the body. Catecholamines can act as hormones or
neurotransmitters and are examples of phenethylamines. Important phenethylamines

include epinephrine (adrenaline), norepinephrine and dopamine (Figure 1.6). Each

17
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phenethylene consists of a benzene ring with two ortho hydroxyl groups and an
ethylamine side chain. The production and regulation of these compounds has a
profound effect on the nervous system, cardiovascular system, metabolic rate and body
temperature. Dopamine and catechol also serve as standards for the development of new
electrochemical detection methods when coupled with separation techniques. In this
thesis dopamine and catechol will be used as model analytes in DC amperometry

experiments.

1.6b Carbohydrates

Carbohydrates are the most abundant organic molecules in nature and are used in
a wide variety of biological processes.”” One function of carbohydrates in the body is to
produce energy. As carbohydrates are introduced into metabolic pathways such as
glycolysis they are broken down and in turn produce energy the body needs. A second
function of carbohydrates is as a structural element of proteins. Glycoproteins and
peptides are of great interest to many scientists for their roles in the body. Certain
glycoproteins have been shown to be biomarkers for various diseases. For example
glycated hemoglobin is a good indicator for how well a diabetic patient has controlled
their glucose levels over a 3 month period. The ability to detect carbohydrates, whether
they are small molecules or a component of large proteins, without a need for

derivatization and at biological concentrations is a useful tool in monitoring a person’s

18
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Figure 1.6: Important electrochemically active catecholamines. Catechol is the building
block behind all catecholamines. Dopamine, epinephrine (adrenaline) and
norepinephrine (noradrenaline) are important for their effects on the nervous system,

cardiovascular system, metabolic rate and control of body temperature.
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health. Simple carbohydrates such as glucose will be used in my research to demonstrate

the functionality of PAD.

1.6c¢ Thiols
Thiol containing compounds are known to play a multitude of roles within
physiological systems. As we learn more about their significance, attention is drawn to a

specific group of thiols, the sulfhydryl thiols (R-SH).>* ¥’

Attention to sulfhydryls has
come about because of the association of these compounds with oxidative damage and
stress in the body. Information on specific sulthydryls/thiols can provide scientists with a
versatile diagnostic handle through which the pathology of a variety of conditions can be
indirectly monitored. Among the major targets of interest are cysteine, glutathione and
homocysteine (Figure 1.7). Cysteine and glutathione depletion in the body is believed by
some to accompany many diseases such as leukemia, cervical cancer, diabetes as well as
others.®®  An increase in these thiols has been found to be present in patients with

101

Alzheimer’s, Parkinson’s and stroke victims. Elevated levels of homocysteine have

102-104 " \Whether measuring

been proposed as a biomarker for cardiovascular disease.
elevated or depleted levels, these electrochemically active analytes will be important in
the diagnosis of diseases. Here thiols will be used to demonstrate the use of PAD

coupled to MCE.
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Figure 1.7: Biologically important thiols. Cysteine and the ratio of oxidized to reduced
glutathione are important because of their role in the regulation of oxidative damage
within the body. Homocysteine has shown to be an important biomarker in the diagnosis

of cardiovascular disease.
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1.6d Proteins

Proteins serve many biological functions. Some of these functions include
transport, structural, storage and receptors. Enzymatic proteins are probably the most
varied and most highly specialized proteins and virtually all the chemical reactions of
organic biomolecules in cells are catalyzed by enzymes. Transport proteins act as carriers
for other substances in the body. For example, hemoglobin, an iron-containing protein of
blood, transports oxygen from the lungs to other parts of the body. Other proteins
transport molecules across cell membranes. Structural proteins are very important for
providing physical support. Collagen provides a ﬁbrous framework in animal connective
tissues, such as tendons and ligaments. Other proteins provide structure to things such as
hair, horns and feathers. Storage proteins store chemicals such as amino acids and lipids.
Ovalbumin is a protein found in egg whites and is used as an amino acid source for the
developing embryo. Casein, the protein of milk, is a major source of amino acids for
babies. Receptor proteins make up the major signaling molecules in biological
membranes. In nerve cell membranes they are used to detect chemical signals released
by other nerve cells. Proteins have many functions and the ability to measure proteins
could lead to the ability to diagnoses or monitor diseases such as cardiovascular disease,
diabetes or Alzheimer’s. A detection of specific proteins will be shown in this thesis to

demonstrate the ability of our MCE-PAD devices in the detection of proteins.

1.6e Summary
When looking at some of the important electrochemically active analytes and

their functions within the body, it is evident that new chemistry is needed for rapid,
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sensitive and selective detection of analytes and its correlation to a disease of interest. In
this thesis I demonstrate a method for the rapid separation (second scale) and
sensitive/selective detection of many of these electrochemically active compounds using

MCE.

1.7 Research Goals

The overall goal of this research has been the development of MCE-EC devices
for the rapid separation and sensitive detection of specific compounds from biological
samples. The first milestone toward reaching the overall goal of this project was to
improve the sensitivity and selectivity of these microchips. The development of MCE
with a microwire electrochemical working electrode design will be discussed as a
solution to this problem. The use of various electrode materials, types, sizes and the
incorporation of multiple electrochemical detection techniques provides an improvement
in the ability to use MCE-EC. The second millstone was to improve separation
efficiencies of PDMS microchips in order to better separate complex samples. Vast
improvements in separation efficiencies and peak skew were achieved through the use of
alternative materials used for the construction of our microchips. The third and final
millstone of this project was to incorporate the improvements in detection from millstone
one and improvements in separation from millstone two for the analysis of proteins in a
biological sample. This is accomplished through the detection of hemoglobin from

human red blood cell lysate.
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This chapter describes the major methods used for microchip fabrication, use and
data analysis from dissertation. While the overall concepts and methods in this chapter
were not developed in the Henry lab, all of the microchip designs and injection

specifications were developed in our laboratory.

2.1 MOLD FABRICATION

Mold and PDMS microchip fabrication techniques have been published
previously by a variety of groups."® The procedure that follows is included in this thesis
to demonstrate the fabrication processes used in making our Poly(dimethylsiloxane)
(PDMS) MCE devices. Slight variations in this procedure are noted in the following
chapters if needed. 100 mm Si wafers were obtained from Silicon Inc. (Boise, ID) The
wafers were cleaned and oxidized with HF (1:10 48%HF:H,O) solution for 5 min
followed by Piranha (2:1 18M H,SO4: 30% H,0,) solution for 10 min (Caution! Piranha
solution is a powerful oxidizing agent that reacts violently with organic compounds and
should be handled with extreme care). Once the wafer was removed from the Piranha
solution, it was rinsed with deionized water and allowed to dry in a 65° C oven for 30
min. The wafer was then coated with SU-8 2035 negative photoresist (ImL photoresist
for every 2.5 cm of wafer) using a spin coater (Laurell WS-400A-6NPP/LITE) (Figure
2.1A). The spin coater was programmed to spin the wafer at 500 rpm for 30 sec and then
ramp to 2100 rpm for 45 seconds. This spin rate generates a photoresist thickness of 50 +
3 um (measured by profilometry). A soft bake is then performed by placing the coated

wafer on a digital hotplate (Fisher) at 65°C for 3 min and then moving it to a 95°C
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hotplate for 6 min. A digitally produced vector image (Corel Draw or Adobe Illustrator)
printed in high resolution (2400-3600 dpi, CSU) on a transparent background was placed
on the photoresist coated wafer (Figure 2.1B). The mask was held in place with a 2 mm
thick glass slide and spring loaded clips to ensure the mask was flat against the
photoresist and to prevent the it from moving during exposure. The mask and wafer were
then exposed to near UV light (Intella-ray 400, 100 W) at 100% power for 7 sec at a
distance of 8” (Figure 2.1C). After exposure a post baking step was used to fully adhere
the photoresist to the silicon wafer. The post bake is performed by placing the exposed
wafer on a 65° C hotplate for 1 min and then transferring it to a 95° C hotplate for 6 min
(digital hotplate from Fisher Scientific). After the post bake, the wafer was rinsed and
allowed to sit in a developing agent (propylene glycol-methyl ether acetate) for at least 10
min. The developer removed any unexposed photoresist leaving a positive relief of the
channels on the silicon wafer (Figure 2.1D). The mold was then put back in the oven and
allowed to fully dry for 30 min. After exposure and developing, patterned silicon masters
are treated with hexamethyldisilazane (HMDS) by vapor deposition to aid in the removal
of the both thermoset polyester (TPE) and PDMS. Vapor deposition was performed by

placing the wafer and a small vial containing 500 uL. of HMDS in a crystallization dish.

The dish was then covered with foil and placed in a 65° C oven for 4-6 hrs.

2.2 MICROCHIP FABRICATION

2.2a PDMS Molding
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Si wafer

Photo Mask

B I Silicon wafer

' Photoresist

Figure 2.1: Schematic representation of mold fabrication process.
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Once the master was completed (Figure 2.2A), replica molding was used to create
PDMS microchips. Dimethylsiloxane monomer and Sygard 184 elastomer curing agent
were mixed thoroughly in a 10:1 ratio and degassed in a vacuum desiccator. The mixture
was then carefully poured onto the silicon master so as not to reintroduce any air bubbles
(Figure 2.2B). The mold was then placed in an oven and allowed to cure at 65°C for at
least 2 hours to cure the PDMS. The fully cured PDMS was cut to shape with a razor
blade and peeled off the silicon wafer, leaving a negative relief of the channels and
reservoirs. A blank piece of PDMS (formed on a blank Si wafer) (no channels) was also
made to act as the 4™ wall of the capillary upon completion of the microchip. A 6mm
punch (6mm biopsy punch, Robbins instruments) was used to open the reservoirs on the

molded PDMS and the PDMS was trimmed to size with a razor blade.’

2.2b Microwire Alignment

The microwire electrodes were aligned in pre-designated electrode channels
fabricated on the mold with the separation channel.” The electrode channels were molded
into the PDMS for reproducible alignment of the microwire decoupler and working
electrodes during the initial fabrication. 25-50 pm wide channels were molded into the
PDMS near the waste reservoir, perpendicular to the separation channel. 25-50 um
microwire electrodes, ~ 4 cm in length, were placed on the chip and held down with
scotch tape. The wires were manipulated into their designated channels with a fine tip
needle. Caution was taken when moving the electrodes with the needle to not kink, bend

or break them.
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2.2¢ Microchip Sealing
Irreversible PDMS sealing was used for the assembly of the microchips according

®  The molded PDMS replica with the microwire electrodes

to published procedures.> >
and a blank piece of PDMS were placed in an air plasma cleaner (Harrick plasma
cleaner/sterilizer PDG-32G) and oxidized for 45 s on the high setting (18 W) (Figure
2.2C). Upon removal from the plasma, the two pieces were brought into conformal
contact and pressed firmly together (Figure 2.2D). The plasma forms radicals on the
surface of the PDMS that when brought into contact with another plasma treated PDMS
pieces forms a bond.” Caution needs to be taken when applying pressure around the
microwires not to bend or break them. The sealed microchips were then placed in the
oven for an additional 10-30 min to allow complete sealing of the chip. After removal
from the oven, a 0.80 mm copper wire was attached to the exposed microwire end with

conductive silver paint and held in place with glue to facilitate electrical contact. A

schematic and photograph of a decoupled microchip are shown in Figure 2.3

2.3 MICROCHIP INJECTION AND SEPARATION

In this thesis all experiments were done with a pinched injection. Pinched
injection is described in detail in a paper published by Garcia and Henry.'® Briefly,
during injection a high electric field (~285 V/cm) was applied between the sample (+410
V) and sample waste (-160 V) reservoirs on the microchip while the separation field was

lowered from ~250 V/cm to 60 V/em (1500V to 410V, buffer reservoir). This drives
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Figure 2.2: Schematic representation of microchip fabrication process.
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Buffer

Sample Waste

Figure 2.3: Schematic representation and photograph of a decoupled microchip.

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



solution from the sample reservoir through the double T and toward the sample waste
reservoir (Figure 2.4B). Once the double T was filled with sample, voltages were
switched to perform separation. The separation field was increased by applying 1500 V
between the buffer reservoir and the waste reservoir (250 V/cm) while the injection field
was removed. During separation both of the sample and sample waste reservoirs were
placed at a lower positive potential (+410 V) for push back (Figure 2.4C). Push back
voltage is a small amount of flow from the buffer reservoir to the sample and sample
waste to keep any unwanted leaking to a minimum during separation. This process can

be repeated to perform subsequent injections.

2.4 DATA ANALYSIS

Hydrodynamic voltamograms (HDV) were used to determine optimal detection
potentials for analytes. To obtain HDVs peak height was measured as a function of
detection potential. Optimal detection potentials for single analytes were determined to
be the detection potential which produced the highest electrochemical signal (peak
height). Optimal detection potentials for groups of analytes were determined from the
HDV of the individual analytes. A detection potential was chosen that did not favor a
specific analyte rather the potential which showed the highest signal in all of the
individual HDVs.

Statistical calculations were also performed as data analysis methods of MCE-EC
experiments. Limits of detection (LOD) were calculated as a function of peak height

relative to the peak to peak baseline noise. Baseline noise was measured at an n = 30
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Figure 2.4: Pinched injection schematic.
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with 15 point coming from the baseline prior to the peak and 15 point from the baseline
after the peak being analyzed. All LOD measurements were done experimentally at a

signal to noise ratio of 3. Separation efficiencies were calculated using equation 2.1.

N =5.54 (tw/W1ipn) Eq2.1
- Where: N = number of theoretical plates, t, = migration time of the analyte and wi, = is

the peak width at half the maximum height.

N was then divided by the length of the separation channel from the injection to the
detection electrode to get N/m. Peak skew was the determination of peak symmetry.

Peak skew was calculated at 10% of the height of the peak using equation 2.2.

S=b/a Eq2.2

Where: b = the distance from peak center to the back edge of the peak at 10% height and
a = the distance from peak center to the front edge of the peak at 10% height. a and b

were determined using data processing software (Origin Pro 7.0).

2.5 CONCLUSIONS

Fabrication of these devices is simple and relatively fast. The entire mold
fabrication process, depending upon the HMDS vapor deposition, takes 1-7 hours while
the PDMS molding process takes a little over 2 hours. All in all, it is possible to go from

blank silicon wafer to a functioning microchip in as little as 3 hours. The processes for
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making the mold, microchips, and data analysis were constant throughout my research
unless otherwise noted. Any changes to these procedures will be discussed in the

appropriate chapters.
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Two general approaches for integration of electrodes in MCE-EC are commonly
used; end-channel and microfabrication.' The end-channel approach allows for
electrode cleaning and the use of chemically modified electrodes. Howéver, the
designs generally lack portability and the ability to incorporate multiple electrodes.
Microfabrication allows the incorporation of multiple electrodes and is easily made
portable; however it requires the use of expensive metallization, cleanroom facilities
and the challenge of integrating more than one electrode material. The first step in my
graduate work was to help develop a new detection electrode configuration that
combined the advantages of both approaches. A novel, simple and sensitive design
using a microwire as the in-channel working electrode for MCE-EC was developed.
The microwire is aligned across the separation capillary using a channel patterned in
the PDMS. The approach aligns a solid metal microwire through the separation
channel allowing integration of multiple electrodes and the use of different electrode
materials without sacrificing portability. Furthermore, because a larger area of the wire
is exposed to flow than with previous approaches, higher collection efficiencies are
achieved. This work was performed with another graduate student, Yan Liu, and was
published in Analytical Chemistry.® In this chapter all of the data collected with a 50
um electrode was generated by me while the data taken with 25 pm working electrodes
was generated by Yan.

The work in this chapter for the development of microwire working electrodes
was done to improve the sensitivity of our MCE-EC devices over more traditional
methods such as thin film electrodes. The improvements demonstrated here lead to a

large linear range and decreased limits of detection when compared to similar
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microchips with thin film electrodes and set the stage for additional developments in

the remaining chapters.

3.1 EXPERIMENTAL

3.1a Chemicals and Materials.

The following chemicals and materials were used as received: SU-8 2035
photoresist (Micro Chem. Corp., Newton, MA), propylene glycol methyl ether acetate
(Aldrich), 3” silicon wafers (Silicon Inc., Boise, ID), poly(dimethylsiloxane) (PDMS)
(Dow Corning), Sygard 184 elastomer curing agent (Dow Corning), sodium hydroxide
(Fisher), N-tris[Hydroxymethyl]lmethyl-2-aminoethanesulfonic acid (TES, >99% pure)
(Sigma), methanol (Fisher, ACS grade), 2-propanol (Fisher, ACS grade), catechol
(Sigma, 99%), and 3,4-dihydroxyphenethylamine dopamine (Sigma, 99%). Microwires
made of 99.9 % platinum (diameter 0.025 and 0.050 mm), 99.99 % gold wire (diameter
0.025 mm) and 99.99 % copper wire (diameter 0.025mm) were obtained from

Goodfellow (Huntingdon, England).

3.1b MCE-EC.

A double-T injector along with pinched injection®® was employed for these
experiments as discussed in chapter 2. Channels were first treated with 0.1 M NaOH for
30 min in order to give the surface of the channel a negative charge through the
deprotonation of silanol groups. The channels and reservoirs were then filled with the
buffer solution by applying pressure to a reservoir containing buffer while the other

reservoirs were empty. Buffer located in the sample reservoir was replaced with sample
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solution prior to experiments. For separations, a high positive potential (1200-1500 V)
was applied to the buffer reservoir while the buffer waste was kept at ground and the
sample and sample waste reservoirs were held at a constant lower positive potential,
termed the pull back voltage. Injections were performed by applying the lower positive
potential (410 V) to the sample reservoir and a negative potential (-160 V) to the sample
waste reservoir while, simultaneously, decreasing the high positive separation potential of
the buffer and keeping the waste reservoir at electrical ground. In all situations, Pt wires
(1 mm diameter) were used as electrodes in the reservoirs for electrophoresis.

The amperometric mode of electrochemical detection was employed (CHI812,
CH Instruments) in a two-electrode configuration. A platinum wire (1 mm diameter) was
employed as a counter electrode while the working electrode materials and sizes varied
between experiments. The electrode materials studied were platinum, gold, and copper,
with diameters of 25 and 50 um. The microwire electrodes were placed in an electrode
channel fabricated in the microchip at the end of the separation channel and the beginning
of the waste reservoir as shown in Figure 3.1. Cleaning of the working electrode was
performed every 20 runs via cyclic voltammetry with 20 sweep segments from 0 V to
1.2V at the rate of 0.1 V/s while the separation potential was being applied to the
electrode. This cleans the electrode by forming a metal oxide layer on the electrode
surface in order to remove adsorbed species and then reducing the oxide layer back to the

native form of the electrode.
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3.2 RESULTS AND DISCUSSION

3.2a Microwire Working Electrode

One advantage of the microwire electrode design is the wide variety of the
electrode materials that can be incorporated.’” The influence of different electrode
materials was investigated. Cu, Au, and Pt microwires were each used as working
electrodes. Electropherograms of catechol at each electrode material is shown in Figure
3.2. Catechol was choosen because at pH 7.0 it is neutral and will travel with the EOF.
For the Cu electrode, the baseline current decreased with time. This can be attributed to
the oxidation of the Cu electrode caused because our detection potential (0.8 V) is higher
than copper oxidation potential (0.35 V). Cu electrodes are not commonly used for direct
amperometric detection, but were used in this case is a simple demonstration of the
concept and for comparison to other electrode materials. Migration times for catechol
vary in each electropherogram, this is attributed to inconsistent EOF (Chip to chip),
common in irreversibly sealed PDMS microchips.® Surface modification can minimize
this problem.” ' Results from the Au and Pt electrodes are consistent with other reports

for similar systems with the same electrode materials.'*

3.2b Limits of Detection
Limits of detection (LOD) for dopamine were determined as a function of
electrode size. Electropherograms for 100 nM (62 femtomoles) dopamine detected at a

50 pum electrode and 250 nM (156 fmoles) dopamine measured at a 25 um electrode are
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Figure 3.1: Top) Schematic of the microchip showing placement of the electrode
alignment channel. Bottom) Photograph showing electrode alignment in a completed

microchip
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Figure 3.2: Electropherograms of 100 uM catechol: A) 25 um Au electrode B) 50 um Pt

electrode C) 25 um Cu electrode D) 25 um Pt electrode. Experimental conditions:

Separation voltage: 1500 V; Pinched injection time: 45 s; Running buffer: 20 mM TES

(pH 7). Copper and Gold electrode were run by Yan Liu.
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dopamine for 50 um Pt electrode (100 nM). Experimental conditions were the same as

Figure 3.2.
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shown in Figure 3.3. Peak heights at the LODs were 0.22 + 0.053 nA and 0.189 + 0.49
nA for the 25 um Au and 50 pm Pt electrodes, respectively. Standard deviations were
calculated using n = 3. Detection limits are the lowest reported without the use of a
decoupler.'? The dynamic range of dopamine detection for 25 um Pt electrode microchip
was also investigated. The linear range for dopamine was found to be from 0.1 to 100
uM with an R? value of 0.993 and a sensitivity of 12.445 nA/uM.

The low detection limit achieved with the 50 pm wire cannot only be attributed to
the difference in the electrode surface areca. Another consideration is the diffusion of
analytes to the electrode surface. Figure 3.4 shows a schematic of the flow around the
electrode in the separation channel. For the 25 pm electrode, there is a greater distance
for diffusion between analytes in solution and the electrode when compared to the 50 um
electrode. Comparing the velocity of the analyte (1 mm/s) to the rate of diffusion of a
small molecule in the BGE (1 x 10 cm?s) allowed us to determine the distance a
molecule could diffuse in the amount of time the sample would spend in contact with the
working electrode. Using v = VDt the distance the analyte can diffuse while the sample
plug is in contact with working electrode was calculated to be 2.24 um for the 50 pm
electrode and 1.58 um for the 25 um electrode. This resulted in higher collection
efficiency at 50 um electrode when compared to the 25 um electrode. Collection
efficiency were calculated for both electrode sizes using Faraday’s equation (Q = nFC).

Where n= number of electrons, F= faradays constant and C is the concentration.

Theoretically, 1.2 nL. of dopamine (100 uM) injected into the separation channel should
have a peak area of 11.58 nC. The total charge passed as measured by the peak area was

421 nC and 10.49 nC for 25 um and 50 pm electrodes, respectively. Therefore, the
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collection efficiency given by the ratio of measured value to theoretical value for 25 um
and 50 um electrode is 36% and 90% respectively. The results demonstrate that the 50
pum electrode dramatically improves the collection efficiency as a result of electrode
alignment in the channel. This improvement in the collection efficiency results from a
combination of shorter diffusional pathlengths for the analytes to the electrode surface
and larger surface area of the 50 pum electrode. Dr. Yan Liu was responsible for LOD

experiments with the 25 um working electrodes and calculation of collection efficiencies.

3.2¢ Separation Efficiency.

The electrode size plays a role in the separation efficiency. The separation
efficiencies for dopamine and catechol were measured for 25 and 50 pm electrodes
(Figure 3.5). For the 25 pm electrode, the two peaks from the oxidation of dopamine and
catechol were well resolved (R = 1.54), while for 50 pm electrode, the resolution was
0.85. Resolution is calculated by R= Aty/Waye. Where Aty is the difference in migration
times and wayg is the average width of the peaks. The difference in the resolution could
be attributed to restriction of flow with the 50 um electrode. The separation efficiencies
for the dopamine peak were 3623 plates/m for the 25 um electrode and 3838 plates/m for

the 50 um electrode, respectively. The corresponding plate heights (H) are 0.52 mm and

0.75 mm for the 25 um and 50 pm electrodes respectively, mirroring the increase in
electrode area. Although the separation efficiencies are low, they can be improved for
both electrodes by reducing the injection volume and modifying the surface of the
PDMS. The trends in the separation efficiency and resolution are still valid regardless of

the injection volume.
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Figure 3.4: Schematic of flow around the microwire electrode in microchannel, drawn to

scale. Location of the 25 um electrode can vary vertically in the channel.

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



804

60+

< 40
o
—
204
0 + T ¥ T T
20 40 60 80
time (s)
100
:
80 -
z
£
40
20 Ll T T T T Ll
0 20 40 60 80
time (s)

Figure 3.5: Separations of 100 uM dopamine and catechol. A) 25 pm Au electrode B) 50
um Pt electrode. Experimental conditions: Separation voltage: 1500 V; Pinched injection

time: 45 s; Running buffer: 20 mM TES (pH 7).
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3.3 Conclusions

Microwire working electrodes have been shown to be easily incorporated in
PDMS microchips, with the aid of electrode channels fabricated on chip, as a working
electrode for electrochemical detection. Microwire electrodes have shown to be a viable
alternative to thin film electrodes for use with MCE-EC. Microwire electrodes yield high
collection efficiencies, large linear ranges and limits of detection as low as 100 nM (62
fmoles). The use of microwire electrodes also allows for the use of various electrode
materials which will be beneficial when trying to incorporates multiple electrode
materials onto a single microchip. Issues that still need to be addressed with these
microchips are high background noise, low separation efficiencies and large peak skews.

These problems will be discussed in more detail in the following chapters.
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Chapter 4

Incorporation of a Microwire Current Decoupler for Use

with Microchip CE-EC
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Increasing sensitivity for DC amperometry and PAD requires the isolation of
detection current (nA) from the separation current (uA) in a process generally referred to
as current decoupling as discussed in more detail in Chapter 1. Current decouplers have
been shown to improve the sensitivity of conventional as well as MCE-EC through a
significant reduction of noise."® Microchip decouplers have taken on two forms; laser
etched and Pt or Pd cathodes. Pd"® and, to lesser extent, Pt® are used in decouplers
because they absorb Hj gas that is formed at the cathode with good efficiency and thus
prevent it from interfering with the electrophoretic separation.” In this thesis I present the
development of a simple integrated decoupler to improve sensitivity and its coupling with
PAD and DC amperometry in MCE devices. A Pd microwire is used as the cathode for
decoupling and a second Au or Pt wire is used as the working electrode for either DC
amperometry or PAD. The electrode system is easy to make, requiring no cleanroom
facilities or specialized metallization systems. Sensitive detection of a wide range of
analytes is shown to be possible using this system. This was published in
Electrophoresis.®

The work presented in this chapter was done to further increases the sensitivity of
our MCE-EC devices and to demonstrate the ability to incorporate multiple
electrochemical detection techniques. The incorporation of the current decoupler

demonstrated here decreases the background noise in the system and allows for lower

LODs to be achieved. Amperometry provides a simple but sensitive detection technique,

but it’s ability to detect electrode fouling analytes limits it usefulness with biological
samples. Pulsed amperometric detection will be used to demonstrate the ability to use a

different detection techniques as well as to increase the number of detectable analytes.
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4.1 Experimental
4.1a Chemicals and Materials.

The following chemicals and materials were used as received: SU-8 2035
photoresist (Micro Chem. Corp., Newton, MA), propylene glycol methyl ether acetate
(Aldrich, 98%), 4 silicon wafers (Silicon Inc., Boise, ID), poly(dimethylsiloxane)
(PDMS) (Dow Corning), Sygard 184 elastomer curing agent (Dow Corning), sodium
hydroxide (Fisher, 99%), N-tris[Hydroxymethyl]methyl-2-aminoethanesulfonic acid
(TES) (Sigma, 99%), boric acid (Fisher, 99%), sodium dodecyl sulfate (SDS) (Fisher,
97%), methanol (Fisher, ACS), 2-propanol (Fisher, ACS), catechol (Sigma, 99%), 3.4-
dihydroxyphenethylamine; (dopamine) (Sigma, 99%), ascorbic acid (Sigma, 99%)), B-D-
glucose-6-phosphate (Aldrich, >99%), dextrose (Fisher, >99%), cysteine (Sigma),
glutathione (Sigma) and fluorescein-5-isothiocyanate (FITC, >95%) (Invitrogen).
Microwires made of 99.9 % Pt (diameter 0.050 mm), 99.99 % Pd (diameter 0.025 mm)
and 99.99 % Au (diameter 0.025 mm) were obtained from Goodfellow (Huntingdon,

England).

4.1b Microchip CE-EC.

Pinched injection through a double-T injector was employed for these
experiments as described in chapter 2.>!! The double-T gave an injection volume of 250
pL based on the channel dimensions. The channels were first treated with 0.1M NaOH for
at least 30 min to give the channel walls a negative charge. Reservoirs were filled with

background electrolyte (BGE) and pressure was applied to one of the reservoir to
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displace ¢ the NaOH in the channels with BGE. Before analysis, buffer in the sample and
sample waste reservoirs was replaced with sample solution. The microchip was designed
with two electrode channels spanning the separation channel in order to incorporate the
decoupler and working electrodes shown in Figure 4."> A Pd microwire (25 pm) was
placed in the first electrode channel (25 um wide) for use as the cathode (Figure 4.1).
The working electrode was placed downstream in the second electrode channel (Figure
4.1). The distance between the two electrodes was fixed at 250 um based on previous
work by Lacher ef al. ' and experiments in our laboratory. Noise and peak width (base)
were measured at various distances between the working electrode and decoupler to
evaluate this effect. The fully assembled microchips were allowed to sit for 24 hours
before use in experiments to allow the EOF of plasma sealed chips to decrease to a stable
level through hydrophobic recovery. The typical lifetime of these devices was one to two
weeks although a new microchip was used everyday for these experiments to show chip
to chip reproducibility. For separations, 800-1500 V was applied to the buffer reservoir
while the Pd microwire decoupler was kept at ground. The sample and sample waste
reservoirs were held at 450 V for push back. The first microchip design had electrode
alignment channels that were 50 pm wide and intersected the separation channel fully.
While not problematic for the working electrode, complications were seen when dealing
with the decoupler. BGE as well as sample were seen flowing through the separation
channel and down the decoupler electrode channel rather than passing by the decoupler
toward the working electrode as shown schematically in Figure 4.2. To alleviate this

problem, RTV
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Figure 4.1: A. Schematic of the microchip (50um deep, 50um wide, 5.1cm long
separation channel) showing placement of the electrode alignment channels. Working
electrode channel (50um deep x 50um wide). Decoupler electrode channel (50um deep x
25um wide, 50 um gap to separation channel). Double-T injector (50um x 50um x
100um) has a volume of 250 pL. The lower right is a photograph showing electrode
alignment in a completed microchip. Left electrode is Pd microwire while the right
electrode is the Pt working electrode. B. Decoﬁpled microchip. Fluorescent image of
ImM FITC as it passes the decoupler. No sample leakage was observed around the Pd

microwire. Dotted lines indicate the outline of the channels in the PDMS.
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Figure 4.2: Representation of fluid flow in the first decoupled microchips. The red
dotted line represents the flow of fluid in the very first decoupled microchips. Flow from
the separation channel traveled down the electrode alignment channel and never made it

to the working electrode. The blue dashed line represents the desired flow in the chip.
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silicon sealant was forced down the decoupler alignment channel with pressure after the
microwires were in place and the chip was fully assembled (Figure 4.3). This allowed
the BGE and injected sample to flow past the decoupler toward the working electrode.
The RTV could not be forced all the way to the separation channel because it would coat
the area of the decoupler in the separation channel and would leak into and plug the
separation channel once it cured. 3 out of 5 microchips were unusable because of the
human error associated with forcing the RTV down the electrode channel. The inabilities
to force RTV to the point were it directly contacted the separation channel also
introduced dead volume in the microchip around the decoupler (Figure 4.3). To
overcome this problem, a decrease in size of the alignment channel from 50 to 25 um
wide and the incorporation of a small (50um) gap between the decoupler alignment
channel and the separation channel was used (Figure 4.1). When sealed together, the
PDMS forms around the microwire holding it in place. This design does not allow
solution to flow down the decoupler alignment channel, eliminating the human error
associated with forcing the RTV sealant into the channels. After each electrode was
aligned and sealed in place, a 0.80 mm copper wire was attached to the exposed
microwire end with conductive silver paint and held in place with glue. In situ cleaning
of the working electrode was done while using direct amperometric detection every 15
runs via cyclic voltammetry (CV) with 20 sweep segments from -1.0V to 1.0V at the rate

of 0.1 V/s while buffer was electrokinetically pumped over the electrode to ensure a clean
and uniform electrode surface.'> The Pd decoupler was cleaned and conditioned initially

by running a CV from -1.0V to 1.0V at 0.1 V/s for 50 cycles.
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Figure 4.3: The second decoupled microchip design. RTV silicon sealant was forced

down the alignment channel until it was 50-100 um from the separation channel. This
prevented flow down the alignment channel but increased band broadening because

portions of the alignment channel were still open to the separation channel.
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4.1¢ Detection.

Amperometry was used for the detection of catecholamines and PAD was used
for carbohydrates and thiols using a commercially available potentiostat (CHI812, CH
Instruments). For PAD, the cleaning/oxidation potential was held at 1.6 V for 0.05 s, the
reduction/regeneration potential was -0.5 V for 0.025 s and the detection potential was
varied between 0.6 V and 1.4 V versus a Pt counter electrode for 0.15 s depending on the
analyte of interest. All experiments were run in a two-electrode configuration with a Pt
wire (1 mm diameter) in the waste reservoir used as the counter electrode. A Pt working

electrode (50um diameter wire) was used for DC amperometry, while a Au working

electrode (25 um) was used for PAD. Noise was determined by measuring peak-to-peak
current at random points along the baseline.

Fluorescent images were acquired using a Nikon Eclipse TE2000-U microscope
equipped with a CCD camera (Photometrics Cool Snap cf) and MetaMorph software. In
order to determine if solution was leaking down the electrode channels, ImM FITC was

injected into the separation channel and imaged as it passed the electrodes.

4.2 Results and Discussion

4.2a Chip Design.

In initial iterations of the microwire design the electrode channel was sealed with
RTV silicone to prevent leakage into the side channels. In the development of the
decoupler here, a small (50 um) gap was used to block flow down the electrode channels.

The PDMS forms around the wire, preventing flow down the electrode channel. It is
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obvious from the microscope image that a gap exists between the wire and the PDMS
(Figure 4.1). In order to evaluate the amount of leakage through the electrode channel,
we injected a fluorescent dye (FTIC) into the channel and imaged the electrode
intersection (Figure 4.1B). As is seen in these images no dye enters the electrode channel
despite the presence of small gaps between the electrode and the PDMS. A more
sensitive fluorescent detection system may have the ability to visualize a leakage;
however, at the limits we were able to detect we saw no leakage. The mechanism
preventing flow down these channels is under investigation. It should be noted, however,
that these results are consistent with the work of Kovarik er al.'* when they sealed PDMS

over a raised carbon electrode and saw no leaking of solution around the electrode.

4.2b MCE-EC.

The optimization of the distance between the working electrode and decoupling
electrode is shown in Figure 4.4. A decreasing trend in background noise was seen when
separating the decoupler and working electrode by 50 — 250 um. At distances above 250
um the background noise leveled off and no statistical improvement was seen. Figure 4.2
also shows an increase in peak width based on the distance between the decoupler and
working electrode due to the change from plug flow (before the decoupler) to
hydrodynamic flow (after the decoupler). Due to the parabolic shape of hydrodynamic

flow the longer the distance the analyte has to travel before reaching the working

electrode the wider the peaks become. 250 pm was chosen as the optimal distance for

both low noise levels and smaller peak widths. The effect of applied separation
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voltage on baseline noise for EC was also evaluated at a 250 um separation between the
electrodes (Figure 4.5). The applied separation voltage was varied from 800 to 1500V
(131 V/ecm — 245 V/cm) while the baseline noise was measured at a 25 um Au working
electrode using either the decoupler or a Pt wire in the waste reservoir as the cathode.
Due to channel dimensions the PDMS channels have been seen to fail at separation
voltages above 1500-1600 V. A significant decrease in noise was noted when using the
Pd microwire as the cathode, especially at higher separation potentials. An increase in
noise was observed with the increase in separation potential for the decoupled system,
indicating that the EC was still being partially influenced by the separation current. The
addition of a second decoupler wire in the decoupler channel was explored to see if a
further reduction in noise was possible with an increased electrode area/volume. No
significant improvement over the use of only a single decoupling wire was seen,
indicating that the decoupling was not influenced by the microwire volume or surface
area in the present design.

Dopamine, catechol, and ascorbic acid were chosen as model analytes to
characterize the decoupled CE-EC microchips with amperometric detection to provide a
comparison to previous work in the field." > %% Representative electropherograms for
the separation of dopamine, catechol and ascorbic acid at different concentrations are
shown in Figure 4.6. All separations were performed using 20mM TES buffer (pH 7.0)

at an electric field of 200 V/em and a 15 s injection time. All three electropherograms in
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Figure 4.5: The effect of applied voltage on the background noise measured at the
working electrode with and without use of the decoupler. Peak-to-peak noise was

measured at random points along the baseline. Standard deviations were calculated at n >
30. Experimental parameters: Working electrode: 25 pum Au microwire; Pinched

injection time: 15 s; Running buffer: 20 mM TES (pH 7.0).
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Figure 4.6 were achieved using optimized conditions and showed baseline resolution for
the separation of dopamine, catechol and ascorbic acid. As expected, a linear decrease in
signal was observed with decreasing analyte concentration. The linear ranges for
catechol and ascorbic acid were established over a range from 50 nM-100 uM using 6
points. The linear range for dopamine was determined by 7 concentration measurements
over a range from 5 nM-100 uM. Separation efficiencies measured from the 100 pM
separation were 15207.7, 32628.5 and 25261.6 N/m for dopamine, catechol and ascorbic

acid, respectively.®

4.2¢ Limits of Detection.

An electropherogram of the measured limit of detection is shown in the insert of
Figure 4.6. The measured detection limits were 5 nM dopamine (S/N = 3.34), 50 nM
catechol (S/N = 3.21) and 50 nM ascorbic acid (S/N = 2.85). Based on 5nM detection for
dopamine with a 250 pL injection volume, a detection limit of 1.25 zeptomoles (10™*)
was achieved for dopamine. The detection limit of 5 nM for dopamine is the lowest to
date for microchip CE-EC to the best of our knowledge. The relative standard deviation
of the peak height from electropherograms of dopamine, catechol and ascorbic acid at

their LODs were 8.1%, 10.1%, and 10.0% respectively (n=6).
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Figure 4.6: Representative electropherograms obtained using a decoupled system. A) 50
uM dopamine, 50 pM catechol, and 50 uM ascorbic acid; B) 5 uM dopamine, 5 uM
catechol, and 5 uM ascorbic acid; C) 50 nM dopamine, 500 nM catechol, and 500 nM
ascorbic acid. Imsert: Limits of detection were seen as 5nM for dopamine (S/N = 3.34),
50 nM for catechol (S/N = 4.21), and 50 nM for ascorbic acid (S/N = 2.85).
Experimental conditions: 0.7 V detection potential; Field strength: 200 V/cm; Pinched

injection time: 15 s; Running buffer: 20 mM TES (pH 7).
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4.2d Microchip CE-PAD.

Glucose, glucose-6-phosphate, cysteine and glutathione were chosen as model
carbohydrate and thiol analytes to characterize decoupled MCE-PAD because of their
tendencies to foul Au electrodes. The effect of detection potential on the signal was
analyzed between 0.1 and 1.6 V for all four analytes on both non-decoupled and
decoupled microchips. Figure 4.7 shows the resulting hydrodynamic voltamograms
(HDV) for glucose and cysteine as representatives of each analyte class. The peak
current increases as the potential increases until current maxima are obtained. When the
detection potential is increased further the peak current decreases. This decrease can be
attributed to the formation of an insulating Au oxide layer on the working electrode."
HDVs for ImM samples on a decoupled microchip show an increase in signal as well as
a shift in the optimal detection potential over non-decoupled microchips (Figure 4.7).
The increased signal as well as the shift in optimal detection potential in the decoupled
chips can be attributed to a reduction in the separation field felt by the working electrode
and is consistent with previous work.'®  Optimal detection potentials for the
carbohydrates and thiols were determined to be 0.6 V and 1.4V, respectively, using the
decoupler.

Carbohydrates, glucose and glucose-6-phosphate play an important role in
biological systems and were chosen for these experiments because of their tendencies to
foul Au electrodes. An electropherogram for the separation of these carbohydrates is
shown in Figure 4.8A. The separation was performed using 20mM boric acid, 0.8mM
SDS (pH 12.00) BGE at a field strength of 200 V/cm with a 15 sec. injection time.

Migration times of 47 £ 1.2 s (n=5) for
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Figure 4.7: Hydrodynamic voltammograms for 1mM glucose (m) decoupled, (o) non-
decoupled, and 1 mM cysteine (®) decoupled, (0) non-decoupled. Experimental
conditions: Buffer: 20 mM boric acid, 0.8 mM SDS (pH 12.0 for carbohydrates, pH 9.4

for thiols); Field Strength: 220 V/cm; Pinched injection time: 15s.
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Figure 4.8: A. Example electropherogram using a decoupled system for the separation
of ImM glucose and 1mM glucose-6-phosphate. PAD waveform: cleaning (1.6 V for
0.05s), regeneration (-0.5 V for 0.025s), detection (0.6 V for 0.15 s). Experimental
conditions: Field strength: 220 V/cm; Pinched injection time: 15 s; Running buffer: 20
mM boric acid, 0.8 mM SDS (pH 12.0). B. Example electropherogram using a decoupled
system for the separation of 1uM cysteine and 1puM glutathione. PAD waveform:
cleaning (1.6 V for 0.05s), regeneration (-0.5 V for 0.025s), detection (1.3 V for 0.15 s).
Experimental conditions: Field strength: 220 V/cm; Pinched injection time: 15 s;

Running buffer: 20 mM boric acid, 0.8 mM SDS (pH 9.4).
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glucose and 79 + 1.6 s (n=5) for glucose-6-phosphate were observed. The
electropherogram in Figure 4.8A was obtained using optimal conditions for
carbohydrates and showed baseline resolution with separation efficiencies of 10300 N/m
for glucose and 42520 N/m for glucose-6-phosphate. The linear range based on peak
height for both glucose and glucose-6-phosphate had R? values of >0.992 (101nM - ImM
and 590nM -1mM respectively). The chip-to-chip reproducibility, expressed as a RSD of
peak height was found to be 9.1% for three runs on each of three different chips for 1
mM glucose.

The direct detection of thiols has the potential to simplify the quantification of
these important biological compounds. Glutathione and cysteine are present in high
concentrations (uWM) in various body fluids and tissues and were chosen as model
analytes for this work."” An electropherogram for the separation of cysteine and
glutathione is shown in Figure 4.8B. The separation was performed using 20mM boric
acid, 0.8mM SDS (pH 9.4) buffer solution at an electric field of 200 V/cm with a 15 s
injection time. Migration times of 109 £ 3.6 s (n=5) for glutathione and 123 + 2.3 s (n=5)
for cysteine were observed. The electropherogram in Figure 4.8B was achieved using 1.3
V as the detection potential. The linear range based on peak height for both cysteine
(614nM - 1mM) and glutathione (74nM - 1mM) had R? values of 0.992 and 0.988
respectively. Separation efficiencies of 22828.5 and 35979.4 N/m were seen for cysteine
and glutathione respectively. Although not completely baseline resolved, a distinct
separation between the two thiols can be seen (R=0.949). The peak broadness and the

inability to resolve them can be attributed to both poor separation efficiency of all
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electrophoretic separations performed on PDMS'® as well as the formation of parabolic

flow after the decoupler .

4.3 Conclusions

We have presented a simple and successful incorporation of microwires as
working electrodes and decouplers in PDMS microchips for CE-EC and CE-PAD. We
have demonstrated the ability to incorporate multiple electrodes with differing electrode
materials in the same microchip. This ability allows the use of Au and Pt as the working
electrodes and Pd as a decoupling electrode. The circuitry of EC detection is decoupled
from that of CE separation, dramatically decreasing the noise from 0.3 to 0.05 nA when
comparing non-decoupled to a decoupled microchip at 1200 V separation potential. This
decrease in noise allows us to achieve low detection limits (5 nM) and extend the
application of microchip CE-EC and CE-PAD to many more analyte classes than

previously possible.
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Chapter 5

Microchip CE with Dual Electrode Electrochemical Detection
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Electrochemical detection is considered a selective detection technique. >

Selectivity for carbohydrates, amines, alcohols or thiols is achieved by varying the
potential of the working electrode. However, there are often situations where even
greater selectivity is desired. An example of one of these situations is in the analysis of
complex biological samples such as blood, serum or urine. Increased selectivity can be
achieved with electrochemical detection by using chemically modified electrodes or
multiple-electrode systems. Chemically modified electrodes, while useful to increase
selectivity, are more difficult to incorporate into a microchip than standard gold
electrodes. The development of a PDMS MCE-EC system employing dual electrode
detection is described. The device consists of PDMS fabricated MCE devices with
incorporated Pd and Au microwires used as the decoupler and working electrodes,
respectively. Dual-electrode detection in a series configuration is shown to be useful for
the selective analysis of analytes that undergo chemically reversible redox reactions and
for the selective detection of easily oxidizable analytes in a more complex mixture. The
use of dual electrode detection presented in this chapter was performed to further
demonstrate the ability to incorporate multiple detection techniques and to improve the
selectivity of our microwire devices. Two different modes of dual electrode detection
were used to show selectivity for analytes with reversible redox reactions and easily

oxidizable analytes.

5.1 EXPERIMENTAL

5.1a Chemicals and Materials.
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The following chemicals and materials were used as they were received: SU-8
2035 photoresist (Micro Chem. Corp., Newton, MA), propylene glycol methyl ether
acetate (Aldrich), 4” silicon wafers (Silicon Inc., Boise, ID), poly(dimethylsiloxane)
(PDMS) (Dow Corning), Sylgard 184 elastomer curing agent (Dow Corning), sodium
hydroxide (Fisher, ACS), boric Acid (Fisher, 99%), sodium dodecyl sulfate (SDS)
(Fisher, 97%), methanol (Fisher, ACS), 2-propanol (Fisher, ACS). Electrochemically
active analytes used were catechol (Sigma), 3,4-dihydroxyphenethylamine (dopamine)
(Sigma, 99%), ascorbic acid (Sigma, 99%), tyrosine (Sigma, 99%) and l-arginine (Sigma,
99%). Microwires made of 99.99 % Pd (diameter 0.025 mm) and 99.99 % Au (diameter

0.025 mm) were obtained from Goodfellow (Huntingdon, England).

5.1b Dual Electrode Microchip CE.

The dual electrode microchips were designed with three electrode channels
spanning the separation channel in order to incorporate the decoupler and two working
electrodes.> A Pd microwire was placed in the most upstream electrode channel (25 um
wide) for use as the cathode as discussed in chapter 4. The working electrodes were
placed downstream in the two other electrode channels. The distance between the
decoupler electrode and the closest working electrode was fixed at 250 pm based on
results presented in chapter 4. The second working electrode was placed 70 pm

downstream from the first working electrode and 320 um from the decoupler (Figure

5.1). The fully assembled microchips were allowed to sit for 24 hours
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Figure 5.1:  Photograph of a fully assembled microchip used in dual electrode

electrochemical detection.
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before use in experiments. This was done to allow the EOF of plasma sealed chips to
decrease to a stable level. For separations, 800-1500 V was applied to the buffer
reservoir while the Pd decoupler was kept at ground. The sample and sample waste
reservoirs were held at 450 V for push back. Pinched injection through a 250 pL double-
T injector was employed for all experiments.*®

The microchip was designed to prevent solution from flowing down the decoupler
electrode channel. The decoupler and working electrode channels were fabricated with a
50 um gap between the separation and electrode channels as seen in chapter 4, Figure
4.1. The gap allows the PDMS to form a seal around the microwire, isolating the
electrode channel from the separation channel. After all three electrodes were aligned
and sealed in place, a 0.80 mm copper wire was attached to the exposed microwires with
conductive silver paint and held in place with glue. In situ cleaning of both working
electrodes was done every 15 - 20 runs via cyclic voltammetry (CV) with 20 sweep
segments from -1.0V to 1.0V at the rate of 0.1 V/s while buffer was electrokinetically
pumped over the electrode. > The Pd decoupler was cleaned initially by running a CV

from -1.0V to 1.0V at 0.1 V/s for 50 cycles.

5.1c Dual Electrode Detection.
Amperometry was used at both working electrodes for the detection of all
analytes (CHI812, CH Instruments). All experiments were run in a two-electrode

configuration with a Pt wire (1 mm diameter) in the waste reservoir used as the counter
electrode. Au working electrodes (25 pm diameter wire) were used for dual electrode

amperometry. Noise was determined by measuring peak-to-peak current at random

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



points along the baseline. Two different modes of dual electrode detection were used.
The first is an oxidation/reduction mode, in which a high oxidizing potential is applied to
the first working electrode (upstream) while a low reducing potential is applied to the
second working electrode (downstream) (Figure 5.1). This mode allows for the selective
detection of redox reversible analytes. Dopamine, catechol and ascorbic acid were
chosen as model analytes for this mode of detection. Dopamine and catechol have a
reversible electrochemistry while ascorbic acid doesn’t show a reduction once it has been
oxidized.” The lack of a reduction peak for ascorbic acid is due to the instability of
dehydroascorbic acid and/or the slow kinetics of the reverse reaction.

The second mode involves an increasing detection potential from the first to the
second working electrode. This allows for selective detection of analytes with low
detection potentials. Dopamine, catechol, ascorbic acid, tyrosine and L-arginine were
chosen as model analytes to show the abilities of this detection mode. Detection
potentials were determined experimentally versus a Pt counter electrode (Table 5.1).
Dopamine and catechol are oxidizable at lower detection potentials while ascorbic acid,
tyrosine and L-arginine require higher potentials for oxidation.

Table 5.1: Detection Potentials for Analytes used in Dual Electrode Detection

Analyte Minimum Detection Potential Maximum Signal
V) V)
Dopamine 0.1 0.8
Catechol 0.1 0.8
Ascorbic Acid 0.5 1.1
Arginine 0.8 1.5
Tyrosine 0.7 1.2

Minimum detection potential is the lowest potential at which an electrochemical signal is seen in an HDV
Maximum Signal is the detection potential at which the maximum peak height is achieved
All potentials are measured versus a platinum counter electrode
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5.2 RESULTS AND DISCUSSION

5.2a Oxidation/Reduction Detection

Oxidation/reduction dual electrode detection was done using 10 uM dopamine,
catechol and ascorbic acid with a 20 mM TES BGE at pH 7.0. The first working
electrode was set at a detection potential of 0.8 V and the second working electrode was
set at a detection potential of 0.2 V based on the experimentally determined E.xq for the
analytes in question. Figure 5.2 shows representative electropherograms of dopamine
and catechol as they are detected using dual electrode detection in the oxidation/reduction
mode. The black electropherogram represents an oxidation of the analytes as they pass
the first working electrode while the red electropherogram is the reduction of the
oxidized compounds as they pass the second working electrode. An irreversible analyte
(ascorbic acid) was added to the dopamine and catechol to show the selectivity of this
mode of dual electrode detection (Figure 5.3). The blue electropherogram comes from
the first working electrode (upstream electrode) where the analytes are oxidized as they
pass over the electrode with the high detection potential. This oxidation is
represented by positive peaks. The red electropherogram represents the signal seen for
the second working electrode (downstream electrode) as the already oxidized analytes are
reduced at the lower potential applied to the second electrode. Three positive peaks can
be seen for the oxidation of all three analytes at the first working electrode but reduction
peaks can only be seen for dopamine and catechol at the second working electrode. The
ability to look selectively at reversible versus irreversible analytes has many benefits,

especially when analyzing complex samples such as blood or urine. The decrease in peak
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Figure 5.2: Electropherograms for the oxidation/reduction dual electrode detection of 10
uM dopamine and catechol. Experimental conditions: Background electrolyte: 20 mM
TES, pH 7.0, 1100 V separation potential, 0.8 V detection potential at first working

electrode (upstream, black), 0.2 V detection potential at second working electrode

(downstream, red)
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Figure 5.3: Electropherograms for the oxidation/reduction dual electrode detection of 10
uM dopamine, catechol and ascorbic acid. Blue electropherogram shows an oxidation of
the analytes at the first working electrode. Red electropherogram shows a reduction of

the reversible species in the sample at the second working electrode. Experimental

conditions: Same as Figure 5.2
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magnitude from the first working electrode to the second working for dopamine and
catechol can be explained by the collection efficiencies of the electrodes (chapter 3). A
collection efficiency of 36% is seen at both working electrodes. The concentration of
analyte before oxidation at the first working electrode is much higher than the
concentration of analyte in the oxidized form, that will be reduced at the second working

electrode.

5.2b Increasing Potential Detection

Increasing potential dual electrode detection was done using 10 uM dopamine,
ascorbic acid, tyrosine, L-arginine and 20 pM catechol with a 20 mM boric acid BGE at
pH 9.4. The first working electrode was set at a detection potential of 0.2 V and the
second working electrode was set at a detection potential of 1.5 V based on the Exq of the
analytes of interest (Table 5.1). Figure 5.4 shows electropherograms for the dual
electrode detection of L-arginine, tyrosine, dopamine, catechol and ascorbic acid. The
blue electropherogram is from the first working electrode (upstream electrode) and
show the easily oxidizable analytes, dopamine and catechol. The red electropherogram is
at a high detection potential (1.5 V) and allows all of the analytes in the sample to be
oxidized. The increasing potential method allowed for the detection of specific analytes
with low detection potentials to be selectively chosen from a more complex group of
electrochemically active analytes. This method can be beneficial when deciphering
complex mixtures in which important compounds with low oxidation potentials can co-
migrate or overlap with compounds that have higher oxidation potentials. In this

detection mode dopamine and catechol were oxidized and showed positive peaks at a
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Figure 5.4: Electropherograms for the increasing potential dual electrode
detection of 10 uM L-arginine, tyrosine, dopamine, ascorbic acid and 20 uM catechol.
Blue electropherogram shows the easily oxidized analytes in the sample mixture
oxidizing at a low potential. The red electropherogram show a separation and detection
of all of the compounds in the sample mixture when oxidized at a high detection
potential. Experimental conditions: Background electrolyte: 20 mM boric acid, pH 9.4,
1100 V separation potential, 0.2 V detection potential at first working electrode
(upstream, blue), 1.5 V detection potential at second working electrode (downstream,

red)
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detection potential of 0.2 V (Figure 5.4) while in the oxidation/reduction mode dopamine
and catechol are reduced and show negative peaks in the electropherogram at the same
detection potential (+0.2 V, Figure 5.3). This is due to the oxidation state at which the
analytes are in when they come into contact with the working electrode. In the
oxidation/reduction mode, both compounds were in an oxidized state after they came into
contact with the first working electrode. In the increasing potential mode the compounds
not previously oxidized by the upstream electrode can become oxidized when they come

in contact with the downstream electrode.

5.3 CONCLUSIONS

Dual electrode detection shows an improved selectivity for specific analytes over
standard amperometry because it allows for the manipulation of multiple detection
potentials to see specific compounds selectively. Here I have shown the feasibility of this
method of electrochemical detection. An increased selectivity was seen when looking for
analytes with reversible redox reactions and easily oxidized analytes in a five component
mixture. A multitude of analytes could be looked at selectively by this method
depending on the detection potentials chosen for each electrode. Future experiments with
this method of electrochemical detection will revolve around the incorporation of PAD.
DC amperometry at the up stream electrode followed by PAD at the downstream
electrode will allow for the simultaneous detection of both DC amperometry active and

PAD active analytes in a single sample.
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Chapter 6

Surface Modified PDMS for Use with Microchip CE-EC
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The hydrophobic nature of PDMS contributes in the limitations of its applicability
for MCE, microfluidic patterning and other non-electrophoresis applications. The surface
of PDMS can be made hydrophilic using a simple air plasma treatment;' however, this
property is quickly lost through hydrophobic recovery caused by diffusion of unreacted
oligomer to the surface as discussed in chapter 1.> > Here, a simple approach for the
generation of hydrophilic PDMS with long term stability (days) in air is presented.
PDMS was rendered hydrophilic as determined by contact angle measurements through a
simple two-step extraction/oxidation process. First, PDMS was extracted in a series of
solvents designed to remove unreacted oligomers from the bulk phase. Second, the
oligomer-free PDMS was oxidized in a simple air plasma, generating a stable layer of
hydrophilic SiO, as determined by XPS. The result of this modification was a significant
improvement in the performance of PDMS for microchip -electrophoresis and
microfluidic applications. This work has been previously published in Analytical
Chemistry." While this paper had a co-author, Meghan Caulum, all of the presented work
was done by the author.

The research presented in this chapter was done in order to improve separation
properties of our microfluidic devices. Improvements in separation efﬁciencieé and peak
skews are needed in order to separate complex biological samples. In this work I show a
dramatic increase in separation efficiencies and a decrease in peak skew through a simple

extraction and oxidation procedure.

6.1 EXPERIMENTAL
6.1a Chemicals and Materials.
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The following chemicals and materials were used as received: SU-8 2035
photoresist (MicroChem. Corp., Newton, MA), propylene glycol methyl ether acetate
(Aldrich, St. Louis, MO), 4” silicon wafers (Silicon Inc., Boise, ID),
poly(dimethylsiloxane) (PDMS) (Dow Corning, San Diego, CA), Sygard 184 elastomer
curing agent (Dow Corning), sodium hydroxide (Fisher, ACS, Pittsburgh, PA), N-
tris[Hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES) (Sigma, 99%), boric acid
(Fisher, 99%), methanol (Fisher, ACS), 2-propanol (Fisher, ACS), catechol (Sigma,
ACS), 3,4-dihydroxyphenethylamine (dopamine, 99%, Sigma), ascorbic acid (Sigma,
99%), doxorubicin (Fluka, 99%), daunorubicin (Fluka, 99%), triethylamine (Sigma,
ACS), ethyl acetate (Sigma,ACS), 1,4-diaminobutane (Sigma, 99%), and fluorescein
isothiocyanate (FITC) (Molecular Probes, 95%). Microwires made of 99.99 % Pd
(diameter 0.025 mm) and 99.99 % Au (diameter 0.025 mm) were obtained from

Goodfellow (Huntingdon, England).

6.1b Fabrication of PDMS Microchips.

The fabrication of poly(dimethylsiloxane) (PDMS) microchips using SU-8
molding has been described in detail previously in chapter 2.°° For extraction of
unreacted oligomers, the imprinted PDMS and an unpatterned PDMS piece were placed
in a series of three organic solvents for extraction. These solvents were selected based on
work published by Lee et al.! After extraction, electrodes were aligned in pre-designated

10

electrode channels for chips used with electrochemical detection.® The extracted

PDMS replica and a blank piece of extracted PDMS were placed in an air plasma cleaner

(Harrick plasma cleaner/sterilizer PDG-32G) and oxidized for 30 sec at 18 W unless
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otherwise noted. The two pieces were brought into conformal contact directly after

removal from the plasma to form an irreversible seal.>* !

6.1c PDMS Extraction

For PDMS extraction, a molded PDMS piece and a blank PDMS piece were
immersed in 200 mL of a triethylamine solution at 25° C for 2 hrs. The triethylamine
was refreashed after 1 hr. The PDMS was removed from the triethylamine and placed in
200 mL of an ethyl acetate at 25° C for 2 hrs, replacing with fresh solvent after 1 hr. The
PDMS pieces were then placed in 200 mL of acetone for 2 hrs. The solvents were stirred
during the PDMS extraction steps. Finally the pieces were allowed to dry completely in a
65° C oven for 2 — 6 hrs. The percent extracted PDMS (w/w) was calculated by
determining the difference in the mass between the native and extracted PDMS and

dividing by the mass of the native PDMS.

6.1d Surface Composition

Determination of PDMS surface chemistry was performed by X-ray
Photoelectron Spectroscopy (XPS) and contact angle measurements. XPS (PHI 5800
ESCA System) was used with an Al monochromatic X-ray source at a 45° incidence

angle with a pass energy of 23.5 eV. XPS of native and extracted PDMS was performed

for non-oxidized and oxidized pieces. Measurements of the same PDMS piece were done
at 30 min, 3 hrs and 7 days after oxidation with samples stored in air in a pétri dish
between runs. Oxidized and non-oxidized samples of both native and extracted PDMS

were cut to 1 cm x 1 cm x 1 mm with a razor blade for contact angle measurements.
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Measurements were taken on day one and day seven at 25° C using a Kruss drop shape

analysis system DSA 10.

6.1e MCE

A 250 um double-T injector was employed for all experiments.'>!* An injection
volume of 1.1 nL was obtained for the microchips used with electrochemical detection
The large injection volume on the chips is the result of the need to apply a constant
ground potential in the waste reservoir to prevent overloading of the detection circuitry.
The constant ground potential applied to the waste reservoir causes some sample to flow
down the separation channel during the injection and thus increasing the sample plug
size. The application of the electrical ground is necessary with EC detection to prevent
exposing the detector electronics to high voltage. A reservoir was filled with 1.0 M
NaOH; capillary action caused the solution to flow through the microchannels freely and
was used to pretreat the channels at the beginning of each day for 30 min. The channels
were then filled with background electrolyte (BGE) by applying a vacuum to the buffer
reservoir. Before analysis, BGE in the sample reservoir was replaced with sample
solution. Microchips for electrochemical detection were fabricated with two electrode
channels perpendicular to the separation channel to incorporate microwire electrodes
usingthe design presented in chapter 4. A Pd microwire decoupler (25 pum wide) was
placed in the first electrode channel (most upstream electrode) for use as the cathode.
The working electrode (25 pm Au) was placed downstream from the decoupler in the
second electrode channel. The distance between the two electrodes has been shown to be

optimized at 250 pm based on previous work by Lacher ef al.'® and experiments in our
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lab.!® After each electrode was aligned and sealed in place, a 0.80 mm copper wire was
attached to the exposed microwire end with conductive silver paint and held in place with
silicon RTV sealant (Dow Corning 732). A 1000 V (170 V/cm) separation potential was
applied to the buffer reservoir while the Pd decoupler was kept at ground. A 300 V push
back potential was applied to the sample and sample waste reservoirs to prevent leakage

as described in chapter 2..

6.1f Detection

The working electrode was cleaned every 15 runs using cyclic voltammetry (CV)
from -1.0 V to 1.0 V at the rate of 0.1 V/s while buffer was electrokinetically pumped
over the electrode.® CV was allowed to proceed until six consecutive sweep segments
overlapped. The Pd decoupler was cleaned and conditioned initially by running a CV
from -1.0 V to 1.0 V at 0.1 V/s for 50 cycles. Commercially available potentiostats
(CHI812 and CHI660b, CH Instruments) allowed amperometry to be used for the
detection of catecholamines and pulsed amperometric detection (PAD) to be used for the
detection of doxorubicin and daunorubicin. Amperometry was run at a constant 0.8 V
detection potential. The PAD waveform was 1.6 V oxidation/cleaning potential for 0.05
s, -0.5V reduction/regeneration potential for 0.025 s and 0.8 V detection potential for
0.15 s. All experiments were run in a two-electrode configuration using a platinum wire
(1.6 mm diameter) in the waste reservoir as the counter electrode. Gold microwire

(25um diameter wire) was used as the working electrode. Noise was determined by

measuring peak-to-peak current at n > 30 random points along the baseline.
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6.2 RESULTS AND DISCUSSION

6.2a Surface Chemistry

The effect of air plasma oxidation on the surface composition of native and
extracted PDMS was studied using XPS over the period of one week. Figure 6.1 shows a
fit of the Si 2p peaks taken from a high resolution XPS scan. Each Si 2p peak is fit with a
siloxane ((Si((CH3),)O-), ) peak with a known binding energy of 101.8 — 102.4 eV and a
silicon dioxide (Si0;) peak with a known binding energy of 103.2 — 104.1 eV.'® Siloxane
groups on the surface of native un-oxidized PDMS account for the hydrophobic nature of
the polymer and can come from eithef cross-linked polymer or unreacted oligomer.
Native PDMS initially contains Si at the surface in the form of Si-CHj, which can be
easily oxidized to form a hydrophilic SiO; surface (Figure 6.1). Native PDMS initially
contains primarily Si-CHj; Si as expected. 30 min after oxidation, a large peak for SiO; in
native PDMS is seen; however, 3 hrs after the initial oxidation, the surface has returned
to its original state due to hydrophobic recovery caused by unreacted oligomer diffusing
to the surface with storage in air as reported previously.!” The extracted PDMS does not
show the same trend. A dominant SiO, peak is seen 3 hrs after the oxidation of the
extracted PDMS and remains the dominant peak for at least 7 days of storage in air for
oxidation times > 60s. The extracted PDMS does not show the hydrophobic recovery of
native PDMS due to the removal of the unreacted oligomers from the bulk PDMS as

determined by loss of mass. The stability of the SiO; in air exceeds anything measured
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Figure 6.1: Si 2p peak measured by XPS. The Si 2p peaks are fit with a SiO, peak (blue)

and a siloxane peak (green). Samples were scanned at 30 min, 3 hours and 7days after

they were prepared and stored in air. A) Native PDMS with no plasma treatment. B) A

48% increase in SiO; calculated from peak areas can be seen 30 min after a 2 min plasma

treatment. C) Hydrophobic recovery after 3 hrs seen on native PDMS. D) Extracted

PDMS with no plasma treatment. E) A 54% increase in SiO, can be seen 3 hrs after a 2

min plasma treatment. F) Only a 7% decrease in SiO; can be seen 7 days after oxidation.

All samples were stored in air.
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previously for PDMS to the best of our knowledge. Studies for longer term stability are
currently being performed by another student in the Henry group.

From XPS peak fits, the percentage of total silicon in SiO, form on the surface
was determined by dividing the area under the SiO; peak by the total area of the Si 2p
peak from the high resolution XPS scan. Figure 6.2 shows that after oxidation, 79% of
the surface silicon is in the SiO, form for the native and 91% for the extracted PDMS for
the first measured points (30 min and 3 hrs respectively) for a 1200 s oxidation. In the
native PDMS, a rapid decline in SiO, on the surface is seen, from 79% to 39%, in 3 hrs.
After 3 hrs, complete return to native PDMS can be seen. Extracted PDMS on the other
hand shows only a 7% decrease in SiO; (from 91% to 84%) over a 7 day period while
stored in recovery to air. All data was taken from a single XPS run in which multiple
scans are taken by the instrument. The stability of this surface can be attributed to the
extraction of the unreacted oligomers that are present in native PDMS. The presence of
some Si in the siloxane form indicates a very thin SiO, film, the presence of a small
amount of unreacted oligomer, or some combination thereof. XPS depth profiling
experiments were not performed at this time to determine the exact nature of the Si-CHj
Si. Further experiments are underway to better understand the mechanistic aspects of the
material behavior.

Contact angle measurements through the sessile drop method were also made in
an effort to further characterize the surface of the PDMS. Contact angle measurements

for native and extracted non-oxidized PDMS were 110.2° £ 2.3 and 105.6° + 4.3,
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Figure 6.2: % SiO, on surface as a factor of time. ZZ2Represents % SiO, on the day the
PDMS was oxidized. Ml Represents the % SiO, on the 7" day after oxidation. 2 min air
plasma prior to sealing the chips was used for oxidation. Percentage determined by area

under the SiO; peak divided by total area of the Si 2p peak from Figure 6.1.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



respectively. Once the PDMS was oxidized, the contact angle decreased to 57.9° + 3.2
for native PDMS and 30.1° £+ 1.9 for extracted PDMS. After seven days both PDMS
pieces were tested again. The native oxidized PDMS was 110° £ 3.6 but the extracted
oxidized PDMS was 40.3° + 2.3. The contact angles measured provide additional proof
that the oxidized surface is stable over significantly extended times while stored in air
relative to native PDMS. The slight increase in contact angle for the extracted oxidized
PDMS could be attributed to the small decrease in SiO, on the surface of the PDMS over
the seven day period. The changes in contact angle and SiO, content with extracted
oxidized PDMS are most likely due to the slow polymer rearrangement as has been noted

previously.®

6.2b Oxidation Optimization

Molded and blank PDMS pieces were oxidized in the air plasma for 30 to 1200 s
before sealing them together. This allowed for uniform oxidation across the entire PDMS
surface. The percent SiO; on the surface was determined through XPS. Percent SiO, on
the day the pieces were oxidized yielded no statistical difference for oxidation times of
60, 120, 600 and 1200 s. After storage in air for 7 days, the percent SiO, for the longer
oxidation times (600 and 1200 s) showed no decrease from day 1. The shorter oxidation
times (30, 60 and 120 s) showed a slight decreases of 19%, 15% and 7%, respectively
from day 1. The longer oxidation times (600, 1200 s) also exhibited visible cracking of
the PDMS surface (Figure 6.3). A strong irreversible seal was seen in the chips that were
treated between 30 and 120 s. For treatment times longer than 120 s the seal was weak or

non-existent due to the complete oxidation of the surface rather than the formation of
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Figure 6.3: Light microscopy of oxidized extracted PDMS for oxidation times of 0, 120,

600 and 1200 s. No cracking can be seen in the 0 and 120s times while an increased

amount of surface cracking can be seen in the longer oxidation time.
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radicals on the surface that facilitate bonding. After assembly, MCE was performed and
separation efficiency and peak skew were measured to determine reproducibility and
functionality of the chips. Calculations for peak efficiency and skew are demonstrated in
chapter 2. Peak skews of 1.1 — 1.3 were seen for all the microchips and did not change
with the changing oxidation times. A 40% increase in separation efficiency was seen
from 30 to 60 s oxidation times, above 60 s there was no statistical increase in separation
efficiency. From this we determined our optimized protocol was to oxidize the PDMS

pieces for 60-120s before sealing them together.

6.2c Separation Efficiency

Extracted PDMS microchips were constructed for both MCE-EC.  The
electropherograms in Figure 6.4 show the separation of 1 uM dopamine, catechol and
ascorbic acid on native (A), extracted non-oxidized (B), and extracted-oxidized PDMS
©). A signiﬁcant improvement in peak shape, peak height and peak skew can be seen
for both forms of the extracted microchips. Peak skews of 3.8, 2.1 and 1.2 for native,
extracted and extracted-oxidized, respectively, were measured for catechol. We
hypothesize that the decrease in peak skew was the result of an improvement in the
overall consistency of the surface composition. Hydrophobic surfaces are known to
produce tailing peaks.

Separation efficiencies for dopamine, catechol, and ascorbic acid at a
concentration of 1 uM for native PDMS devices are 18,000 = 1200, 32,000 + 1900, and
50,000 £ 3000 plates per meter (N/m) respectively. Separation efficiencies of 100,000 £

5000 N/m for dopamine, 200,000 £ 7000 N/m for catechol and 400,000 £+ 16,000 N/m for
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Figure 6.4: Example electropherograms for the separation of 1 uM dopamine, catechol
and ascorbic acid using A) Native; B) Extracted; C) Extracted-oxidized PDMS.
Experimental conditions: Field strength: 170 V/cm; Pinched injection time: 10 s for

native and extracted, 7 s for extracted-oxidized; BGE: 20 mM TES (pH 7.0)
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ascorbic acid were measured for the extracted-oxidized chips (n=9). The dramatic
increase in separation efficiency can be attributed to the removal of hydrophobic
oligomers from PDMS and formation of hydrophilic SiO, on the surface that provides

uniform flow and resists analyte adsorption.

6.2d Electroosmotic Flow

Decreased migration times were observed for all separations when compared to
native PDMS and are attributed to an increase in EOF from 4.1 x 10™* cm?/V-s + 0.6 for
native PDMS to 6.8 x 10™ cm?/V-s = 0.3 for extracted-oxidized PDMS. Native PDMS
had a catechol migration time of 71.9 £ 6.1 s (8.6% RSD) (n = 40) and the extracted-
oxidized PDMS had a catechol time of 54.2 + 1.8 s (3.3% RSD) (n = 40). The increased
EOF can be attributed to the presence of a glass-like SiO; surface and a resulting increase
in surface charge. The stability of the surface also lends to a. more stable EOF over time
as determained by XPS in comparison to native PDMS (Figure 6.5) as noted by the
relative standard deviations between the two systems over 40 runs each. Migration times
for catechol were measured over a 4 hr period in which 10 separations were run per hour
(40 total). The migration time for native PDMS increases from 66 s to 75 s over this time
period. The migration times for the extracted-oxidized PDMS showed a slightly upward
trend over the 4 hour time, showing that the surface charge is much more stable than the
native PDMS. Again, the chemical stability of the resulting surface and the lack of
unreacted oligomers in the bulk PDMS facilitate this important characteristic of the

modified material.
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Figure 6.5: Run to run reproducibility over a period of 4 hrs (40 runs). Migration
time for catechol was measured over 40 runs without retreating the microchips with

NaOH for native PDMS B and extracted-oxidized PDMS @
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6.2¢ Limits of Detection

Electropherograms of the measured limits of detection are shown in Figure 6.6.
The measured detection limits were 25 nM ascorbic acid (S/N = 4.23) (A), 2.5 nM
catechol (S/N = 4.28) (B) and 600 pM dopamine (S/N = 3.67) (C). The lowest detection
limit measured previously with native PDMS devices using electrochemical detection
was 5 nM for dopamine as discussed in chapter 4. The reduction in LOD is a result of
the increase in peak height associated with a narrower peak. This is the lowest reported
detection limit for dopamine to date for MCE-EC to the best of our knowledge. The
differences in detection limits in this experiment can be attributed to an electrokinetically
biased injection due to the increased EOF seen in the E-PDMS. Biasing can be offset by
using longer injection times at the price of larger injection volumes and wider peaks for
electrochemical detection or different injection methods. Linear ranges for dopamine,
catechol and ascorbic acid were determined by peak height on extracted-oxidized PDMS

microchips. Dopamine had a linear range from 600 pM — 1 mM with an R? value of

0.989, catechol had a linear range of 100 nM — 1 mM with an R? value of 0.998 and
ascorbic acid had a linear range of 200 nM — 1 mM with an R? value of 0.996 based on

peak height.

6.2f Pulsed Amperometric Detection
As a final example of the improvement in material performance, the analysis of
two common anthracycline antibiotics was performed. In this example, PAD was used

for the detection of the chemotherapy agents doxorubicin (DOX) and daunorubicin
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Figure 6.6: Electropherograms showing limits of detection for the three model analytes
A) 25 nM ascorbic acid (S/N = 4.23); B) 2.5 nM catechol (S/N = 4.28); C) 600 pM

dopamine (S/N = 3.67). Experimental conditions: same as figure 4.4
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(DAUN) on an E-PDMS microchip. Figure 6.7 shows a separation of iImM DOX and
DAUN using MCE-PAD. The Culbertson group has reported the absorption of
rhodamine, a hydrophobic fluorescent dye, into bulk PDMS."® DOX and DAUN, as
anthracyclines, are expected to act in a similar manner due to their relative
hydrophobicity. The glass like surface of the extracted oxidized PDMS chips lowers the
absorption of DOX and DAUN allowing them to be detected at the microwire electrodes.
The increased background noise and broadness of the peaks can be attributed to high
concentrations, long injection times and some adsorption to the walls of the device.
Nevertheless, this is a promising example of the performance that can be achieved. In
our laboratory we have never been able to detect either of these analytes on a native
PDMS microchip because they strongly absorb into the bulk PDMS before reaching the

detection electrodes.

6.3 CONCLUSION

In summary, a simple and effective way to generate a stable hydrophilic SiO,
surface on PDMS for use with MCE-EC was presented. XPS shows the conversion of Si-
CH; on the surface of PDMS to SiO,. An increase from 39% SiO, on the surface of
native PDMS to 91% SiO, on the surface of E-PDMS can be seen. On E-PDMS the SiO,

surface is stable over 7 days when stored in air. This modification allowed for high
separation efficiencies (up to 400,000 N/m) and an increased EOF. These improvements
will allow higher resolution of complex samples in shorter amounts of time than they

would be on native PDMS.
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Figure 6.7: Example electropherogram for the separation of 1 mM doxorubicin and
daunorubicin by MCE-PAD. PAD waveform: cleaning (1.6 V for 0.05 s), regeneration (-
0.5 V for 0.025 s), detection (0.8 V for 0.15 s). Experimental conditions: Field strength:

200 V/cm; Pinched injection: 15 sec; BGE: 20 mM boric acid (pH 10.0)
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Chapter 7

Thermoset Polyester, an Alternative Microchip Material
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Polymer materials have become more widly used with MCE due to their
affordability and ease of fabrication. While poly(dimethylsiloxane) (PDMS) has become
the most widely used polymer in MCE-EC due to the simplicity of microelectrode
incorporation, it suffers from a lack of separation efficiency, low surface stability, and a
tendency for analyte adsorption and absorption as discussed in chapter 6. Other polymers
such as poly(methylmethacrylate) (PMMA) and poly(carbonate) (PC) have higher
separation efficiencies but require more difficult fabrication techniques and have been
shown to be more difficult to couple to electrochemical detection. The introduction of
thermoset polyester (TPE) as an alternative microchip material has shown promise as a
merger between the ease of fabrication and cost effectiveness of PDMS with the higher
separation efficiencies and increased stability of PMMA and PC.' In this chapter TPE
was characterized as an alternative material for MCE-EC. TPE microchips were
characterized in their native and plasma oxidized forms and after coating with
polyelectrolyte multilayers (PEM). This work has been previously published in
Electrophoresis.”> EOF measurements and PEM experiments were done by Brian M.
Dressen, a graduate student in the Henry lab, and Melissa C. Weston, an undergrad in the
Henry lab.

The work presented in this chapter was done in order to demonstrate the ability to
use various microchip materials and the benefits that they may have over PDMS
microchip. TPE was used to show the improvements in separation efficiencies and peak
skews seen with ridged, hydrophilic polymers when used as microchip devices. A
increase in separation efficiencies and a decrease in peak skews can be seen when using

TPE in place of native PDMS.
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7.1 Experimental

7.1a Chemicals and Materials.

Sylgard 184 silicone elastomer and curing agent were obtained from Dow
Corning (Midland, MI). Sodium phosphate monobasic (F.W. 137.99) was purchased
from Acros Organics and o-phosphoric acid (85%) and methanol were purchased from
Fisher Scientific (Fair Lawn, NJ). Thermoset polyester mixing resin was obtained from
TAP Clear-Lite Casting Resin while styrene, 2,2-dimethoxyphenylacetophenone and
methyl ethyl ketone peroxide where all obtained from Sigma (St. Louis, Mo, 99%). Gold
(99.9% diameter 25 um) and palladium (99.9% diameter 25 pum) wire were obtained
from Goodfellow (Huntingdon, England). SU-8 2035 negative photoresist and XP SU-8
developer were obtained from Microchem Corp (Newton, MA). All polyelectrolytes were
obtained from Aldrich. The polymers tested included hexadimethrine bromide
(polybrene, 99%) (PB) and dextran sulfate (sodium salt, 99%) (DS) (Av. M.w. 5,000).

All chemicals were used as received.

7.1b Microchip Fabrication.

Silicon masters were fabricated following techniques in chapter 2 and published
elsewhere. > Briefly, SU-8 2035 a negative photoresist, was spun onto a 100 mm silicon
wafer (<100>Silicon Inc, Boise, ID) to a thickness of 50 um. A digitally printed mask
was used to define channel structures. After exposure and developing, patterned silicon
masters were treated with hexamethyldisilazane (HMDS) by vapor deposition to aid in

the removal of the both TPE and PDMS. Vapor deposition was performed by placing the
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wafer and a small vial containing 500 uL. of HMDS in a crystallization dish, the dish was
then covered with foil and placed in a 65° C oven for 4-6 hrs. PDMS walls and posts
were used to define the molding area of the TPE and to create reservoirs in the TPE
devices. PDMS posted were placed on the mold prior to fabrication of the TPE
microchips. After assembly the PDMS posts were removed to open the reservoirs.

TPE was prepared by mixing resin (TAP Clear-Lite Casting Resin) with styrene,
UV photoinitiator (2,2-dimethoxyphenylacetophenone) and methyl ethyl ketone peroxide
(MEKP) catalyst, following published protocols. ! Approximately 0.2 g of photoinitiator
was dissolved in 0.5 g of styrene and then added to 20 g of resin. Six drops (~ 300 pL) of
MEKP catalyst were added and the mixture was stirred (10 min) and degassed in a
vacuum desiccator. After degassing, the TPE resin was poured onto the prepared master
and either transparency film (polyethylene terephthalate) or a glass microscope slide was
used to cover the TPE. The cover material was allowed to make contact with TPE
mixture to ensure a flat top surface during UV curing. This was done to ensure even
curing throughout the polymer. HMDS was used to treat the glass cover slides to ease
removal from cured TPE. TPE was partially cured by UV radiation in a UV flood lamp
(364 nm) (Inteli-ray 400) at 50% power for 100 seconds and then, carefully pulled away
from the mold while still slightly soft. While the TPE was still soft, the PDMS posts
were removed to expose the reservoirs. Microwire electrodes were then placed in the
designated electrode channels located at the end of the separation channel according to
previously published work in PDMS microchips.* > Care had to be taken while inserting

the microwires because TPE is easily scratched, torn or otherwise damaged when not
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Figure 7.1: Schematic of the TPE microchips (50 um x 50 um x 6 c¢m) showing the
double-T injector (100 pm, 250 nL.) and electrode alignment channels (decoupler 25 um

x 50 pm and working 50 pm x 50 um). A 50 pum gap separates the decoupler channel
from the separation channel. To the right is a photograph showing the electrode

alignment in a completed microchip.
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fully cured. While the electrodes were being placed on the molded TPE, a blank piece of
TPE was prepared in the same manner with a UV exposure of 100 s. The two pieces
were then placed together to form the microchannels. A final UV exposure was
necessary to set the bond between the two pieces and fully cure the TPE (Four, 30 s

exposures separated by 90 s cooling periods). The chip was then placed on a 65° C hot

plate for 30 min followed by transfer to a 120° C hotplate for 90 min for final curing.
Figure 7.1 shows a schematic of the microchip design as well as a zoomed in picture of

the detection electrodes in a fully assembled TPE microchip.

7.1¢ Electroosmotic Flow Measurements.

The current monitoring method (developed by Huang et al ) was used to
measure electroosmotic flow. All EOF measurement were done on a single 50 x 50 um
channel with a length of 4.5 cm. One of the reservoir and the channel were filled with a
20 mM phosphate buffer while the opposite reservoir was filled with 18 mM phosphate
buffer. When a potential was applied between the reservoirs the lower concentration
BGE in the second reservoir displaced the higher concentration BGE in the channel. This
results in an increase in the electrical resistance and therefore a different separation
current. The time required to see the change in current under a constant applied electric
field was monitored and was used to calculate EOF. Current was monitored with a
digital multimeter (Fluke 189) across a 1 kQ) resistor in series between cathode and
ground. A 900 V separation potential (200 V/cm) was used for all EOF measurements.

EOF measurements were preformed by Melissa Weston.
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7.1d Coating Procedure.

TPE microchips were coated with polyelectrolyte multilayers using previously
reported methods used with PDMS microchips.” Polyelectrolytes are known to form
alternating polymer layers on virtually any surface.®® Preconditioning of the channel was
done with 0.1 M NaOH for 10-15 min, followed with a 5 min water rinse. Polybrene
(PB), a cationic material, was deposited onto the channel wall by filling the channel with
a 5% PB solution in water. The channel was then immediately rinsed with water for 5
min. A reversed EOF was abserved to ensure that PB was on the surface. A second
coating layer was formed by repeating the same procedure with an anionic
polyelectrolyte solution, dextran sulfate (DS). After a water rinse, the channel was filled
with buffer and an electric field was applied. PEM studies were preformed in

coordination with Brian Dressen.

7.1e Electrochemical Detection.

Amperometric detection and PAD were used for the analysis of electrochemically
active analytes using the chip design discussed in chapter 4.* ' Amperometry was used
for the detection of dopamine, catechol, and ascorbic acid. PAD was used in the
detection of carbohydrates and thiols. Both amperometry and PAD were done using a
commercially available potentiostat (CHI812 or CHI660b, CH Instruments).
Amperometry had a constant potential of 0.8 V applied to the working electrode. The
PAD waveform had a cleaning/oxidation potential of 1.6 V for 0.05 s, the
reduction/regeneration potential was -0.5 V for 0.025 s and the detection potential was

0.6 V for 0.15 s. Amperometry and PAD experiments were run in a two-electrode
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configuration with a Pt wire (1.6 mm diameter) as the counter electrode in all cases. A
Au microwire (25 um) was placed in the microfluidic devices and used as the working
electrode. Cleaning and conditioning of the Pd decoupler was done initially by running
cyclic voltammetry (CV) from -1.0V to 1.0V at 0.1 V/s for 50 cycles. Cleaning of the
working electrode was done initially by running a CV from -1.0V to 1.0V at 0.1 V/s until
6 sweep segments overlapped each other. While using amperometry the working
electrode was cleaned every 15 runs via CV with 20 sweep segments from -1.0V to 1.0V

at the rate of 0.1 V/s while buffer was flowed over the electrode.'®

7.2 Results and Discussion

TPE for the use with MCE has been reported previously in three separate

LIL12 0 1h the previous work, EOF was measured for only five days.

publications.
Furthermore, no surface modification studies were presented. Finally, all previous
detection was performed using laser-induced fluorescence (LIF). LIF in previous reports
was complicated by background fluorescence inherent in the polymer. In our quest to
achieve high efficiency separations for MCE-EC using polymer microchips, we sought to

both further establish the material characteristics of TPE as well as demonstrate its use

with EC detection.

7.2a Electroosmotic Flow Studies.
EOF values were measured over an 18-day time frame (Figure 7.2). Over the first

four days no statistical decrease in EOF was seen, the chips stored in water. Microchips
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Figure 7.2: Day-to-day EOF reproducibility of TPE microchips. EOF stability is shown
for native TPE over an 18 day period (M) and for plasma treated TPE over an 11 day
period (®). EOF was determined by the current monitoring method. Lines are added to
aid in visualization of the relative trends. Errors are expressed as standard deviations a n
= 4. Experimental conditions: Field strength: 200 V/cm; Background electrolytes: 20 mM
phosphate (high ionic strength) and 18 mM phosphate (low ionic strength). Data
collected by Brian Dressen.
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stored in air showed similar EOF values and trends. EOF values were also measured for
plasma oxidized microchips over a period of 11 days. A comparison of EOF values as
seen for a change in pH on PDMS, native TPE and plasma oxidized TPE can be seen in
Figure 7.3. EOF values showed a 22% increase and were more stable for native TPE
across all pH values than on PDMS microchips. . EOF values of plasma oxidized TPE
devices were 5.13 + 0.34, 5.56 + 0.22 and 5.61 + 0.35 cm*/V-s x10™ (n = 5) for pHs 4, 7
and 10 respectively. This is a 38% increase in EOF over PDMS and a 21 % increase in
EOF over native TPE. Chip-to-chip reproducibility was also established on TPE
microchips. The RSD over 5 different chips was 2.7, 5.1 and 7.1% for pH 4, 7 and 10
respectively. Reproducibility of the EOF on TPE microchips shows that small variations
in the volume or mass of the different components in TPE have little or no effect on EOF.
The stability of the EOF for both native and oxidized TPE is improved over PDMS
microchips and on par with EOFs measured in PMMA or PC.”® The comparison to
PDMS is more relevant in our laboratory because of the similar fabrication methods, cost
for the two materials and microchip design. PDMS lacks the stability seen in TPE
devices because of diffusion of hydrophobic low molecular weight oligomer to the
surface (refer to chapter 6 for more detail).'*'® TPE does not undergo hydrophobic
recovery because it has a higher density and the starting materials are less hydrophobic
determined by contact angle measurements. Decreases in the long-term stability of
native TPE can be attributed to the conversion of the surface carboxylic acids to esters
over time. Plasma treatment presumably perturbs the surface enough to separate reactive
acids and alcohols. The exact chemical mechanism that leads to enhanced stabilization is

unknown at this time.
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Figure 7.3: EOF measured for five microchips made at different times from different
batches of TPE. Each chip was run multiple times at varying pHs (4, 7 and 10) to
determine pH effects on reproducibility. Errors expressed as standard deviation a an n =
4, Other experimental protocols as in Figure 7.2. Data collected by Melissa Weston and

analyzed by Jon Vickers.
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7.2b Polyelectrolyte Modification.

A method for controlling the surface chemistry in microchip devices has been
used in the Henry group in the form of PEMs.” ® Benefits of PEMs when used with
PDMS microchips include an increase in the EOF, an increased surface stability and

hydrophilicity of the devices.”

The control over the surface chemistry through these
simple and effective PEM coating will allow TPE microchips to be used in variety of
ways such as being used to reverse, reduce or even eliminate EOF. Reversal of EOF is
useful in the separation of negatively charged species because the flow direction would
parallel anion migration. A second benefit to adsorbed PEM coatings is that no additional
polyelectrolyte needs to be added to the BGE as is needed with dynamic coatings as is the
case with surfactants. Figure 7.4 shows EOF values measured for native (untreated) TPE,
TPE coated with PB, and TPE coated with a bilayer of PB and DS over a pH range of 3
to 10. Addition of the PB cationic layer serves to reverse the flow through a change in
the surface charge, as expected, but also significantly reduced the magnitude. Addition
of the anionic DS layer to the PB coated surface, gave EOF values similar to the native
TPE. Here, the PEMs are strongly held to the surface through electrostatic interactions

with the walls of the channel or the adjacent PEM layer. This work was done by Melissa

C. Weston.
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Figure 7.4: EOF values of native TPE (®) modified with a single layer of polybrene
(anionic polyelectrolyte) (€) and a double layer of dextran sulfate (cationic

polyelectrolyte) (M) over a pH range from 3 to 10. Other experimental protocols as in

Figure 7.2.
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7.2¢ Microchip CE-Amperometry.

Dopamine, catechol and ascorbic acid were chosen as model analytes to
characterize TPE microfluidic devices and to provide a comparison to PDMS microchips.
Figure 7.5 shows representative electropherograms for the separation of 1 uM dopamine,
catechol and ascorbic acid on TPE (top) and PDMS (bottom) microchips. Peak tailing
and width were dramatically decreased when using TPE over PDMS. Peak skews of 3.2
and 3.8 are observed for dopamine and catechol respectively on the PDMS microchip
compared to 1.2 and 1.3 for dopamine and catechol on the TPE devices. The large peak
skew values can be attributed to analyte adsorption to the hydrophobic surface of PDMS.
An 8-fold increase in separation efficiency is seen when going from PDMS to TPE as
shown in Figure 7.6. On TPE, separation efficiencies of 49,000 + 2600, 148,000 + 4500
and 295,000 + 12,000 N/m are seen for dopamine, catechol and ascorbic acid respectively
as compared to 18,000 + 1200, 24,000 + 1400 and 42,000 + 2100 for PDMS. Separation
efficiencies were calculated at an n = 9 (3 different chips with 3 runs each). The higher
separation efficiencies seen on the TPE devices can be attributed to the increased
hydrophilic nature of the TPE, increased surface charge stability and lack of hydrophobic
recovery as discussed previously. The increased separation efficiency allows for a
complete baseline resolved separation of all three analytes on TPE in the same time that
dopamine is seen on a PDMS device. The higher separation efficiencies, better peak
skews and larger EOF values seen for TPE will allow for a faster and better resolved
separation of complex samples.

The effect of field strength on migration time and peak shape were investigated

next. Figure 7.7 shows the separation of dopamine, catechol and ascorbic acid on a TPE
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Figure 7.5: Example electropherograms for 1 puM dopamine, catechol and ascorbic acid
on a TPE microchip (Top) and PDMS microchip (bottom). Experimental conditions:
Field strengths: 300 V/em and 200 V/em for TPE and PDMS microchips respectively;

pinched injection time: 15 s; Background Electrolyte: 20 mM TES (pH 7.0)
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Figure 7.6: Separation efficiencies for 1 uM dopamine, catechol and ascorbic acid on
Errors expressed as standard deviations at an n = 9. TPE (left) and PDMS (right)

microchips made from the same mold.
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Figure 7.7: Separation of 1 puM dopamine, catechol and ascorbic acid on a TPE
microchip as a function of separation potential. Optimized separation potential is

determined to be 266 V/cm (1600V). Experimental conditions as in Figure 7.5.
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microchip as a function of separation potential using pH 7.0, 20 mM TES as the run
buffer. As expected, as the field strength is increased, the migration times decrease.
Migration times were reduced by 31% with microchips at the same field strengths and by
58% with the higher field strength that are possible on TPE microchips compared to
PDMS microchips. TPE §vas able to handle higher field strengths than PDMS in our
experiments without the generation of bubbles. The maximum field strength used with
the TPE devices before failure was 366 V/em (2200 V). The exact mechanism that
allows higher field strengths to be used is not known, however, improvements of this
kind are normally the result of improved heat transfer properties of the substrate material.
The optimal separation potential was determined to be 266 V/cm (1600 V) because it

offered the fastest separation without sacrificing peak height.

7.2d Microchip CE-PAD.

As a final test of the compatibility of TPE for MCE-EC, PAD detection of
carbohydrates and thiols was performed. Homocysteine, cysteine and glutathione were
chosen as mode] analytes. Direct detection has the potential to simplify the quantification
of these biologically important compounds. = An example electropherogram of the
separation of these three analytes is shown in Figure 7.8. The separation was performed
using 20 mM boric acid, 0.8 mM SDS (pH 10.0) as the background electrolyte at field
strengths of 233 V/em with a 15 s injection. Baseline resolution of all three analytes is
seen. Migration times of 71.7 + 1.5 s, 93.4 £ 2 s and 103.9 £+ 3.2 s (n=4) were seen for
homocysteine, cysteine and glutathione respectively. This example shows the

compatibility of the more general PAD mode with TPE microchips. The increased
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separation efficiencies and decreased peak widths allow for a baseline separation of
cysteine and glutathione which was not observed on native PDMS (Chapter 4, Figure

4.8B)

7.3 Conclusion

In summary, the suitability of TPE, as a material for MCE-EC, to perform the
separation of several analytes has been demonstrated. EOF values for TPE microchips
have shown to be very stable over a wide pH range and an extended period of time
relative to PDMS. Chip-to-chip reproducibility of these devices has also been shown to
be very good. The improvement of separation efficiencies on TPE microchips when
compared to other chip materials gives a good indication of the increased complexity of

samples that may be studied with these chips.
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Figure 7.8: Electropherogram for the separation of 100 uM homocysteine, glutathione

and cysteine on a TPE microchip. Experimental conditions: Field strength: 233 V/cm;

Piriched injection time: 15 s; Background electrolyte: 20 mM boric acid (pH 10.0)
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Chapter 8

Microchip CE-EC for Label Free Detection of Heme and non-

Heme Proteins
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Proteins play key roles in many biological systems. There are already many
methods for the analysis of proteins. In this chapter I will show a rapid, sensitive and
specific identification of proteins. With MCE devices, a single integrated chip can
perform many of the steps necessary for biochemical analysis."” > Detection methods

such as mass spectrometry (MS),3'5 protein arrays,é'8 laser induced fluorescence (LIF)°"!

* 1213 are commonly used in the detection and

and UV absorption spectroscopy (UV)
qualitative analysis of proteins. However, these techniques can require expensive
instrumentation, consume relatively large amounts of protein or require difficult and
tedious fluorescent labeling procedures.

Labeling is often done to aid in the detection of proteins.'* !> Although labels
have significantly improved protein research by increasing the sensitivity of detection,
they are not without drawbacks. Labels can hinder the behavior of proteins. Increased
steric hindrance, a possible denaturing or altered electrophoretic mobility could result

% Another drawback is that the

from the change in the behavior of the proteins.!
experimental conditions must also favor optimal label performance rather than the
optimal conditions for the proteins. This forces many proteins to perform outside of their
optimal chemical environments. Consequently, labeling technology limits protein
detection.

One alternative method for the detection of proteins is the utilization of
electrochemical systems. FElectrochemical systems when combined with MCE devices
provide the benefits of miniaturization, speed, sensitivity and low cost. This chapter

shows the use of our microwire MCE-EC system for the label-free direct detection of

heme and non-heme centered proteins. Heme centered proteins such as hemoglobin and
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myoglobin are important in the transport of oxygen through the body and in muscles.
Many non-heme centered proteins have functions include enzymatic, structural, storage
or receptors. The ability to selectively and quantitatively detect either the heme or non-
heme proteins has the possibility to provided a plethora of information on biological

processes and/or disease states.

8.1 EXPERIMENTAL

8.1a Chemicals and Materials.

The following chemicals and materials were used as received: SU-8 2035
photoresist (Micro Chem. Corp., Newton, MA), propylene glycol methyl ether acetate
(Aldrich), 4” silicon wafers (Silicon Inc., Boise, ID), poly(dimethylsiloxane) (PDMS)
(Dow Corning), Sygard 184 elastomer curing agent (Dow Corning), sodium hydroxide
(Fisher, 99%), boric Acid (Fisher, 99%), sodium dodecyl sulfate (SDS) (Fisher, 99%), N-
dodecyl-B-D-maltoside (DDM, 99%), methanol (Fisher, ACS), 2-propanol (Fisher,
ACS), sodium hydrosulfite (Sigma, 85%) and Sephadex G-25 (GE healthcare). Proteins
were in powder form and are as follows hemoglobin (Hb) (Sigma, 99%), myoglobin
horse heart (Mb) (Sigma, 99%), concanavalin A (Con A, 99%) (Calbiochem) and human
serum albumin (HSA) (Sigma, 99%). Microwires made of 99.99 % Pd (diameter 0.025
mm) and 9999 % Au (diameter 0.025 mm) were obtained from Goodfellow

(Huntingdon, England).
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8.1b MCE

A 250 um double-T PDMS microchip with a 5.3 cm separation channel was
employed for all experiments.'®'® The buffer reservoir was filled with 1.0 M NaOH and
forced through the microchannels with pressure. NaOH was used to pretreat the channels
at the beginning of each day for 30 min. The channels were then filled in the same
manner with a micellar electrokinetic chromatography (MEKC) background electrolyte
(BGE) and allowed to equilibrate for a minimum of 15 min. Before analysis, BGE in the
sample reservoir was replaced with a 1 mg/ml protein solution in BGE. Microchips were
fabricated with two electrode channels perpendicular to the separation channel to
incorporate microwire electrodes using the design reported in chapter 4. A Pd
microwire decoupler (25 um wide) was placed in the first electrode channel (most
upstream electrode) for use as the cathode. The working electrode (25 pm Au) was
placed 250 um downstream from the decoupler in the second electrode channel.® After
each electrode was aligned and sealed in place, a 0.80 mm copper wire was attached to
the exposed microwire end with conductive silver paint and held in place with silicon
RTV sealant (Dow Corning 732). A 1200 V (230 V/cm) separation potential was applied
to the buffer reservoir while the Pd decoupler was kept at ground. A 450 V push back

potential was applied to the sample and sample waste reservoirs to prevent leakage.

8.1c Detection
A commercially available potentiostat (CHI812b, CH Instruments) was used for
pulsed amperometric detection (PAD) of Hb, Mb, Con A and HSA. A Pd decoupler was

cleaned and conditioned initially by running a CV from -1.0 V to 1.0 V at 0.1 V/s for 50
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cycles. The working electrode was cleaned initially using CV from -1.0 V to 1.0 V at the
rate of 0.1 V/s while buffer was electrokinetically pumped over the electrode for 30
cycles.? The PAD waveform was 1.6 V oxidation/cleaning potential for 0.05 s, -0.5V
reduction/regeneration potential for 0.025 s and a varied detection potential for 0.15 s.
Due to the PAD waveform no additional cleaning of the working electrode was required
during experiments with the exception of experiments with albumin. The microchip was
flushed with NaOH and CV was preformed from -1.0 V to 1.5 V while buffer was
electrokinetically pumped over the electrode for 40 cycles after each consecutive run
while using albumin. All experiments were run in a two-electrode configuration using a
platinum wire (1.6 mm diameter) in the waste reservoir as the counter electrode and a
gold microwire (25um diameter wire) as the working electrode. Hydrodynamic

voltamograms (HDV) from -0.5 V to 1.8 V were taken for all of the proteins.

8.2 Results and Discussion

8.2a Microchip MEKC-EC

The effects of MEKC on the migration times of the proteins were studied to help
determine optimal separation conditions. 20 mM boric acid with 0.8 mM SDS, pH 9.4
was used as a standard non-MEKC buffer for migration time comparison. The migration

times for each of the proteins increased with the use of the SDS MEKC buffer but no
appreciable improvement was seen in the separation of the proteins from the standard

non-MEKC buffer. Migration times of 76.6 £ 5.3 s, 79.5 + 7.3 s and 94.9 + 6.2 s and
were seen for Hb, Con A and HSA in the non-MEKC buffer respectively. The migration

times slowed to 81.3 = 6.2 s for Con A, 87.2 + 4.1 s for Hb and 95.5 + 3.8 s for HSA

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



when using the 20 mM SDS MEKC buffer. The second MEKC buffer used was 20 mM
boric acid with 0.4 mM DDM. Unlike charged surfactants such as SDS, DDM will not
denature the proteins in solution. Migration times using the DDM buffer were 44.1 + 4.6
for Con A, 60.13 + 3.6 s for Hb and 89.7 + 5.2 s for HSA (Figure 8.1). Table 8.1 show a
comparison of migration times for the proteins in each BGE. DDM was chosen as a

surfactant due to its neutral charge. The increased migration times seen when using the

Table 8.1: Migration times (t,;,) for proteins
BGE Surfactant CMC (mM) to,Hb(s) t,ConA(s) t, HSA((s)

No surfactant N/A 76.6 £5.3 795+7.3 94.9+6.2
SDS 7.5-8.0 87.2+4.1 81.316.2 955+ 3.8
DDM 0.15-0.2 60.1+3.6 441146 89.7+5.2

SDS micellar buffer can be attributed to the interaction of the proteins with the negatively
charged micelle.” The increased overall negative charge will have a higher mobility
toward the anode causing the analyte to remain in the separation channel longer. A
second factor can be attributed to the unfolding of the proteins in the SDS buffer. In
contrast, DDM micelles have a neutral charge and will therefore travel with the EOF
causing the decreased migration times seen for Hb and Con A. The large change in
migrations times seen for Con A can be attributed to a few factors. First is the difference
in charge of the micelles (Figure 8.2). SDS is negatively charged, while DDM is neutral
(Figure 8.2). Second, ionic surfactants have been shown to denature proteins whereas
neutral surfactants retain protein structure.”>> Denaturing the proteins will change the
overall shape and hydrodynamic radius, which will in turn affect the partitioning or

association between the proteins and the micelles and their overall mobility. 2%’
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Figure 8.1: Proteins Hemoglobin, Albumin and concanavalin A run using microchip

MEKC-PAD. Experimental conditions: 20 mM boric acid, 0.4 mM DDM (pH 9.4),

Detection potential +1.2 V.
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8.2b Hydrodynamic voltamograms

Hydrodynamic voltamograms were taken for Hb, Mb, HSA and Con A from -0.5
to 1.8 V detection potentials to determine optimum detection potentials for each protein.
Figure 8.3 shows the resulting HDVs for each protein. HSA and Con A showed an
optimal detection of 1.1 V and 1.2 V respectively. Heme centered proteins have two
distinct maximum detection potentials of 0.1 V and 1.4 V for Hb and 0.2 V and 1.4 V for
Mb. The high detection potentials in all four proteins may be attributed to specific amino

acid residues on the surface of each protein.® ¥

Electrochemically active residues
include those with a primary amine (arginine, asparagine, lysine and glutamine), an
alcohol (serine, tyrosine and threonine) or thiol (cysteine) group. The lower detection
potentials of 0.1 and 0.2 V seen in the heme centered proteins are not completely
understood at this time. I speculate that they are a function of the heme center itself.
Whether the heme center is affecting specific amino acid residues or if it is a direct
detection of the heme center is not known. Another possibly factor is the folded or
unfolded state of the protein.

Figure 8.4 shows a breakdown of electrochemical signal vs. number of specific
electrochemically active amino acids. Peak heights were measured for a Img/ml protein
sample. Peak heights for Hb, HSA, Con A and Mb were 92.1 + 5.2 nA, 62.2 + 7.3 nA,
13.8 £ 1.7 nA and 2.96 £ 0.75 nA, respectively (n = 4). While the total electrochemical
signal can not be directly linked to the number of electrochemically active amino acids,

the proteins seem to be increasingly apt to adsorb to the electrode as the number of thiol

residues increases. This would explain the need for additional cleaning CVs when
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Figure 8.3: A) HDV for 1 mg/ml hemoglobin. B) HDV for 1 mg/ml concanavalin A. C)
HDV for 1 mg/ml myoglobin. D) HDV for 1 mg/ml human serum albumin. All proteins

were prepared in run buffer (20 mM boric acid, 0.4 mM DDM (pH 9.4))
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Figure 8.4: The total number of electrochemically active residues vs the electrochemical
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electrochemical signal (peak height) for each of the proteins. The right axis (blue) and
the blue bars show the number of specific electrochemically active amino acid residues in
each protein. This was made to determine if there was any correlation between a specific

type of amino acid and the electrochemical signal observed.
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running albumin. Figure 8.5 shows the percentage of electrochemically active amino
acids based on the overall total number of amino acids per protein. The percentage of
alcohol containing amino acids, shows the same trend as the electrochemical signal from
each analyte seen in Figure 8.4. Hb having the highest followed by HSA, then Con A

and finally Mb.

8.2¢ Hemoglobin oxidation state

To determine if the low oxidation potential seen in the HDV’s of hemoglobin is a
direct oxidation/detection of the heme center, chemical oxidation and reduction of the
heme center was done prior to microchip MEKC-PAD. Chemical reduction of the heme
center was preformed using a Sephadex G-25 column modified with sodium
hydrosulfite.’® Reduced hemoglobin samples were bright red in color indicating a
reduced iron center (Fez+). The oxidized hemoglobin (methemoglobin) samples were a
dark brown color indicating an oxidized iron center (Fe3+).3 132 An HDV of oxidized Hb
is shown in Figure 8.6. As in previous experiments, two optimal oxidation potentials are
seen for the oxidized Hb at +0.1 V and +1.4 V. Figure 8.7 is an HDV for Hb that was
chemically reduced with sodium hydrosulfite to the Fe** state. Excess sodium
hydrosulfite was removed by dialysis before running on the microchip system. Only one
optimal detection potential was seen for the reduced Hb at +1.4 V. Little to no signal was
seen at detection potentials between 0.0 V and +0.3 V. This data shows a correlation
between the heme center, its oxidation state and the maximum detection potentials from
the HDVs between 0.0 V and +0.3 V. The exact nature of the relationship between the

oxidation state of the
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Figure 8.5: Percentage of amine, alcohol and thiol containing residues on hemoglobin,
albumin, concanavalin A and myoglobin.
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heme center and the optimal detection potential is unknown at this time but will be
characterized in more depth.

Several possible theories are presented to explain the lower detection potential
(0.0 - +0.3 V) seen for hemoglobin in the ferric state (oxidized state). The first theory
revolves around the reduction potential of the ferric heme center and the effects of the
PAD waveform. The reduction/regeneration step in the PAD waveform could be
reducing some of the hemoglobin as it passes over the electrode which in turn is
reoxidized at a low oxidation potential during the detection step. This theory would
explain the appearance of the low positive (oxidation) peak for an already oxidized heme
center. A problem with this theory is the disappearance of the low oxidation potential for
the reduced hemoglobin. If the low detection potential corresponds to the oxidation of
the heme center then it should be seen in the reduced hemoglobin to an equal or greater
signal than seen with the oxidized hemoglobin. A second theory is that the reduction
process could cause a conformational change of the protein and the heme center. This
would explain the appearance of the two optimal oxidation potentials. The high detection
potential, much like in all the proteins studied, can be attributed to the amino acid
residues of the protein, while the low detection potential may be attributed to a ligand
preferentially bound to the iron center in the ferric state rather than the ferrous state.
Another possible explanation for a ligand bound to the heme center of hemoglobin would
be that the ease of oxidation of the ligand could increase as the heme center is oxidized.
This would mean that for the oxidized hemoglobin, the ligand could be oxidized at a
lower potential appearing as the low optimal detection potential in the HDV. The ligand

could still be oxidized in the reduced form but at a higher potential which would be
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encompassed by the high detection potential of the amino acid residues. The
determination of the mechanism at work here is beyond the scope of this dissertation, but
these theories would be a good place to start.

A few possible experiments to determine which, if either, of these theories is
correct are presented here. The first and simplest experiment would be to alter the PAD
waveform. By simply switching the oxidation/cleaning and reduction/regeneration steps
we should be able to determine if the low oxidation peak is coming from the reduction
and subsequent re-oxidation of the oxidized heme center. The reversal of the steps will
add noise to the system and could allow for more electrode fouling but will eliminate the
possibility for the heme to be reduced directly before the detection. An experiment to
determine if ligand binding or a conformational change in the hemoglobin affects
detection potential wouldl be to run a HDV of hemoglobin in the oxidized form. Then
chemically reduce it and run the reduced form in the same manner. Finally, chemically
re-oxidize the hemoglobin to determine if the HDV is the same as the original sample.
This will help determine if it is a factor of a bound ligand or simply of conformational

change between the oxidized and reduced forms of hemoglobin.

8.3 Conclusions

These studies demonstrated a label-free detection of proteins on a MCE-PAD
device. Direct detection of four proteins varying in size from 17 kDa to 104 kDa was
been presented. Non-Heme containing proteins, HSA and Con A, showed optimal
detection potentials of around +1.2 - +1.4 V, while the heme containing proteins, Hb and

Myo, in their oxidized form gave two separate maximum detection potentials at 0.0 -
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+0.2 Vand +1.2 - +1.4 V. Two possible theories for the explanation of the two optimal
detection potentials along with possible experiments are presented for future students.
The capabilities of this label-free protein separation and detection greatly enhance the
utility of microfluidic devices for protein analysis. Electrochemical detection will allow

for a wider range of separation conditions due to the lack of labeling constraints.
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9.1 DISSERTATION SUMMARY

The focus of this dissertation has been on the development, improvement and
application of capillary electrophoresis microchips with microwire electrodes for
electrochemical detection (MCE-EC). Development of these microchips has gone
through two main stages. The first stage involved the use of a single microwire as a
working electrode on a microchip. The development of the microwire detection electrode
in MCE allows for a robust, simple electrode. The use of microwires also allows for the
incorporation of multiple electrode materials (Au, Pt and Cu) and differing electrode
diameters (25 and 50 pm). Limits of detection for 25 and 50 um wires were 250 nM and
100 nM respectively. At the time of publication these were the lowest detection limits
reported on a MCE-EC device. The second stage in the development of these microchips
saw the addition of multiple microwire electrodes of varying composition for use as
working electrodes and current decouplers. The microwire design allowed the use of two
different electrode materials without extensive electrode fabrication that is seen with thin
film electrodes. Pd was used as the decoupling electrode because of its ability to absorb
hydrogen during the electrolysis process. The incorporation of a palladium current
decoupler gave lower limits of detection than seen in the previous single electrode chips.
A 50 fold decrease in the limit of detection was seen when using a decoupled microchip
with a 50 um Pt wire in comparison to a non-decoupled chip with the same working
electrode. The decoupler also allows for the use of multiple working electrodes on a
single microchip. The ability to use multiple working electrodes in two different modes
was shown to add selectivity to the devices. Selective detection of analytes with

reversible redox reactions was achieved when running the dual electrode microchips in
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the oxidation/reduction mode. Looking for easily oxidizable analytes in a more complex
matrix was shown when using the increasing potential mode of detection. MCE-EC
devices with microwire electrodes have shown improvements over standard thin film and
off-column disk electrode in every facet of their construction and use.

The second focus of this thesis was the investigation of different microchip
materials. Multiple microchip materials, as well as modified chip materials, were studied
and showed improved separation efficiencies and peak skew as well as an increased
electroosmotic flow (EOF). Although, inexpensive and easy to fabricate,
poly(dimethylsiloxane) (PDMS) has inherent flaws. The largest problem with PDMS
devices is the hydrophobic recovery of the material. After oxidation of siloxane groups
to SiO,, unreacted oligomers migrate to the surface and convert the hydrophilic SiO,
back to hydrophobic siloxane groups. This hydrophobic recovery also leads to the non-
uniform surface charge seen in PDMS devices. A simple solvent extraction and
oxidation process was developed in order to prevent the hydrophobic recovery of
unreacted oligomers from the bulk PDMS to the surface. The process consists of a
simple three part organic extraction of unreacted oligomers followed by plasma oxidation
of the surface. This process was shown to render a stable hydrophilic surface for up to 7
days while stored in air. An 8-fold increase in separation efficiencies can be seen when
comparing native PDMS (50,000 N/m) and E-PDMS (400,000 N/m). Thermoset

polyester (TPE) was also used as a material for CE-EC microchips. Devices made from
TPE showed increased separation efficiency, increased EOF and a decreased peak skew

when compared to native PDMS. Peak skews of 1.2 - 1.3 and separation efficiencies as
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high as 300,000 N/m were seen in the TPE devices as compared to 3.2 and 50,000 N/m
on native PDMS respectively.

Finally, extracted PDMS microchips with incorporated microwire decouplers and
working electrodes were used in the direct detection of heme and non-heme centered
proteins. Pulsed amperometric detection (PAD) was used in the detection of hemoglobin,
albumin, myoglobin and concanavalin-A at a concentration of 1 mg/ml. PAD at a
detection potential of 1.2 - 1.4 V was used for the analysis of all of the proteins, while a
detection potential of 0.0 — 0.2 was used for the analysis of only the proteins that
contained a heme center (Hb, gHb, and myoglobin). This allows for selective
differentiation between heme and non-heme centered proteins by simply changing the

detection potentials.

9.2 FUTURE WORK

The future of this project lies in a few main areas. The first was the development
of alternate microchip material. Second was to improve upon selectivity and the number
of detectable analytes. The final goal would be to integrate these changes for the
detection of important small molecules and proteins in biological samples.

Microchip materials such as PMMA and PC have been used by many groups with
good results while using MCE-LIF but have not made a great impact when used with
MCE-EC. This was because the ability to incorporate electrodes was more difficult than
when using PDMS. The ability to incorporate microwires directly onto the chip before
bonding should increase the versatility of these materials in MCE devices. These

materials should also give better separation efficiencies, a more uniform surface charge
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and a resistance to absorbing hydrophobic materials. With these improvements, more
complex samples could be analyzed with less concern about the hydrophobicity of the
analytes.

Selectivity can be improved in our microchips through the expansion of the dual
electrode detection. New modes of detection, which incorporate amperometry and PAD
at parallel working electrodes as well as dual electrode PAD, will help to increase the
number of detectable analytes as well as the selectivity for specific analytes. Detection
potentials as well as the PAD waveforms will need to be optimized to coincide with one
another in order to specifically detect an analyte of interest.

Homocysteine, which plays an important role in the early detection of
cardiovascular disease, and 8-hydroxydeoxyguanosine (80H-dG), which is a marker for
oxidation damage, are important electrochemically active small molecules. Therefore, it
is important to detect biologically relevant levels in blood or serum samples. Blood
and/or serum are extremely complex samples that contain a variety of electrochemically
active analytes such as carbohydrates, amines, proteins and other thiol containing
compounds. The use of carbon or chemically modified carbon electrodes may need to be
employed to enhance the detection of specific analytes in a complex mixture.

The specific mechanism that allows for the determination between heme and non
heme centered protein and more importantly the oxidation state of the heme center needs
to be better understood. The ability to differentiate between heme centered and non-

heme centered proteins with electrochemical detection has brought about a question as to
whether or not this method could be used for proteins with various metal centers (Cu, Co,

etc.). PAD waveforms will need to be modified to accommodate for the detection
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potentials needed for the oxidation/reduction of the proteins depending on factors such as
protein metal composition, location of metal center within the protein and oxidation state

of the protein.
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APPENDIX B:

Micro-Total Analysis Chips for the Detection of Proteomic

Biomarkers of Alzheimer’s disease in Cerebrospinal Fluid
Jonathan A. Vickers, Department of Chemistry, Colorado State University
Original Research Proposal

A. Specific Aim

Alzheimer’s disease (AD) is classified as a progressive neurodegenerative
disorder which affects the parts of the brain that control thought, memory, and language.'
AD affects as many as 4.5 million Americans and 18 million worldwide with cost of
diagnosis and treatment estimated at close to 100 billion dollars a year in the United

2 There is presently no known cure for AD and diagnosis while

States alone.
approximately 80-90% accurate at specialized clinics is limited to a “possible” or
“probable” verdict while the patient is alive.! In recent history there has been a push to
look for proteomic biomarkers for the early diagnosis and progression monitoring of AD
and other neurodegenerative disorders in body fluids such as plasma, urine and
cerebrospinal fluid (CSF).> Human CSF is an ideal source for identification of protein
biomarkers for neurodegenerative diseases such as AD because of it’s close proximity to
the site of pathology within the ventricles of the brain and the surrounding subarachnoid
space.3 A major issue in the use of CSF is the limited volumes that can be taken from the
body at any given point in time. Changes in the concentration of tau, B-amyloid,
glycosylation patterns of glycoproteins o-1-antitrypsin, B-trace, a-1p glycoprotein and
apolipoprotein E (apoE) in CSF have all shown great promise in the early diagnosis of

AD.*® Here, we propose a novel micro-total analysis system (u-TAS) for the detection

and quantification of glycoprotein biomarkers specific to Alzheimer’s disease in a small
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volume sample of human cerebrospinal fluid. The novelty of this system will revolve
around the small volumes needed for analysis (uL), the convenience of an all in one
device and short analysis times in comparison to standard methods. The specific aims of

this proposal are as follows:

1. Develop microchip for the injection and purification of glycoproteins
from CSF using known microfluidic methods.

2. Develop a multidimensional microchip for the separations and
qualification of CSF proteins.

3. Couple a microchip device to mass spectrometry for the quantification of
CSF proteins of interest.

4. Merge the development of specific aims one, two and three through the
addition of a series of valves to create a total analysis microchip for the

detection of glycoproteins in CSF for the diagnosis of Alzheimer’s disease.

The proposed u-TAS will have a significant impact on the diagnosis of Alzheimer’s
disease in a clinical setting and will allow for the detection and quantification of multiple

biomarkers simultaneously using sample volumes and short analysis times.
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B. Background

Alzheimer’s disease is a complex genetic disorder arising from the interaction of
multiple genes as well as environmental factors that affects approximately 10% of the
population over the age of 65 and is regarded as the most common form of dementia."’
Therefore, there is merit to approaches that will simultaneously assay multiple biological
markers and their interactions. Current diagnosis is based on a combination of clinical

and sychological examinations, ‘
psy g http://www.crystalinks.com/alzheimers.html
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accuracy in the diagnosis of AD.5?® No Figure 1: Cross -Section for a normal (left)brain

and advanced Alzhemeimer’s (Right) brain.

ante mortem test has shown the same

accuracy and reliability to diagnosis AD as autopsy, which remains the gold standard for
the confirmation of AD. The inability to accurately diagnosis AD in live patients has
implications beyond the diagnostic domain. Without an early diagnosis of the disease
available pharmacological treatment can be delayed. This delay can lead to an earlier
onset of symptoms and a faster progression of the disease. Figure 1 shows a comparison
of the cross section of a normal human brain with cross section of a human brain with an
advanced case of Alzheimer’s disease. The areas of the brain that control memory and

language are greatly deteriorated, as are the sulcus, gyrus and the ventricles due to AD.
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Cerebrospinal fluid is a clear, colorless liquid that is
the main component of the extracellular space around
the brain and central nervous system (Figure 2). At
any give point in time there is approximately 125-150

mL of CSF surrounding the CNS. The primary

i} Spinal function of CSF is to cushion the brain within the skull

jicord

Figure 2: Cerebrospinal fluid (blue)
o rais the brain ard cortral and serve as a shock absorber for the central nervous

nervous system
system; CSF also circulates nutrients, chemicals

filtered from the blood and removes waste products from the brain. The CSF participates
in free exchange of many biochemical products within the brain including small
molecules, peptides and proteins.” Consequently the CSF is a complex mixture which
can reflect the physiological processes occurring in the central nervous system (CNS).
Changes in protein composition and concentrations can be indicative of disease-related
changes in the CNS protein expression patterns.10 These changes in protein expression
' can lead to altered levels of certain proteins within the CSF. Changes in specific protein
concentrations can then be used as biomarkers for diseases related to the CNS. CSF is
obtained by performing a procedure called a lumbar puncture or spinal tap. A long, thin,
hollow needle is inserted between the L4 and L5 vertebrae in the lower spine and into the
subarachnoid space. Approximately 15-30 mL (10-20%) of CSF is removed for analysis.
About half of the people who have a lumbar puncture preformed report sever headaches
after the procedure but serious side effect are rare. !
Unfortunately, resolution is typically not adequate using a single liquid

chromatography (LC) or capillary electrophoresis (CE) procedure to separate a complex
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protein mixture. Therefore, the use of different LC or CE modes and a combination of
these techniques (multidimensional separations) to generate the required resolution for
proteome analysis is needed. Traditional techniques for separation and detection of CSF
proteins include two-dimensional gel electrophoresis coupled with matrix-assisted laser

desorption/ionization time of flight mass spectrometry (2DE-MALDI-TOF-MS)® * 12,

3,12, 13

liquid chromatography coupled to mass spectrometry (LC-MS) and most recenﬂy

14, 15

capillary electrophoresis coupled to mass spectrometry (CE-MS) These methods

will be discussed in more detail in the following sections.

B.1. 2-D Gel Electrophoresis. Two-dimensional gel electrophoresis (2DE) is a powerful
and widely used method for the analysis of complex protein mixtures and the most
common preparative technique for CFS. 2DE separates proteins in a gel matrix two
different ways. Isoelectric focusing (IEF) is used as the first dimension of separation.
Proteins are separated according to their isoelectric points (pI). The second-dimension is
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) where separation of proteins is
done according to their molecular weights (MW). 2DE requires large amounts of sample
(uL-mL) and is time consuming with each dimension requiring hours to run plus

additional time for preparation, staining, excising and analysis of the proteins of interest.

B.2. Liquid Chromatography Methods. The majority of LC analysis used in

proteomics is based on a two-dimensional separation.* '® The first dimension is typically
size-exclusion chromatography (SEC) to first separate the proteins by molecular weight.

The second dimension is run in-line and is normally reversed-phase liquid
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chromatography (RPLC) to further separate the proteins by hydrophobicity. While this
method reduces the analysis time from hours (2DE) to minutes (2D-LC), large sample

volumes and sample consumption are still limiting factors.

B.3. Capillary Electrophoresis Methods. Capillary electrophoresis (CE) is used in a
variety of ways in the analysis of proteins. CE can be used as the second dimension in a

multidimensional LC-CE separation'” '®, as a single dimension separation technique'> '

20 E21-23

or in multidimensional CE-C . While one dimensional CE uses very small sample
volumes and has fast analysis times the resolution is not adequate for complex protein
mixtures. Using CE as a second dimension coupled to RPLC adds a separation
mechanism, electrophoretic mobility (separation based on charge to hydrodynamic radius
ratios), which is not attainable with LC. Difficulties lie in the coupling of LC to CE.
While there are some in-line coupling methods,?* the majority of LC-CE experiments are
preformed in a off-line manner where fractions are collected from the LC and then run on
CE. The off-line method is more labor intensive and time consuming but easily
accommodates the differences in flow rates and volumes between LC and CE. 2D-CE
allows for a simple on-line coupling of CE to CE because differences in flow and
volumes are not as great a factor as with LC-CE. 2D-CE couples capillary gel
electrophoresis (CGE) with either micellar electrokinetic chromatography (MEKC) or
capillary zone electrophoresis (CZE). In the 1% dimension, CGE, separation is done
based on molecular weight and in the 2™ dimensibn resolution is improved by
separations based on differential partitioning between a pseudostationary micellar phase

and an aqueous mobile phase (MEKC) or by the ratio of charge to hydrodynamic radius
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of the analyte (CZE). 2D-CE systems have shown a easier on-line adaptation, smaller
sample volumes and faster analysis times than LC-LC and LC-EC methods while

retaining the high resolution needed to separate complex protein mixtures.

Table 1 gives a comparison of capillary electrophoresis (CE), gel electrophoresis (SGE)
and high performance liquid chromatography (HPLC) as separation techniques for the

analysis of complex protein mixtures."’

Table 1. Comparison of HPLC, CE, and SGE

Function CE SGE HPLC

Automation Yes No Yes

Speed Fast, seconds— Slow, minutes—  Minutes
minutes hours

Sensitivity nv—femtomoles pm pUM

Sample size nL uL pl

Detection On-column Staining, fluore-  Off—column

scence

Quantitation Yes, area under Possible, but Area under
peak not simple peak

Multi samples  Yes, 96-384 Yes No
capillaries

Multidimensional Yes ~ Yes Yes

B.4. Mass Spectrometry Methods. MALDI-TOF-MS is considered by many the
workhorse of proteomics. In this method, the sample is mixed with a matrix solution and
allowed to co-crystallize on a target plate. This solid matrix absorbs light at the same
wavelength of the excitation laser. When the laser is fired at the target the matrix desorbs
from the surface and carries some of the sample with it. At the same time the laser is
pulsed, a voltage is applied to the target plate to accelerate the ionized sample towards a

time-of-flight mass spectrometer. A second method used for the introduction of sample
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to a MS for proteomic analysis is electrospray ionization (ESI-MS). ESI is an ionization
method in which a liquid sample is forced through a charged capillary creating dispersed
droplets containing the liquid mobile phase as well as the ions of interest. As the liquid
evaporates off the ions are éccelerated to the MS by the high potential charge applied
between the capillary tip and cathode. A schematic of this process can be seen in Figure

3. ESI allows for a direct injection of

8 - : :
™ Liquid samples into a MS which other
8
.. E ionization processes such as MALDI can
) ..":.'°".'-’:‘-. 5 Mass .
(Y ... et N 8" gpge. | NOt do. This makes ESI an extremely
. s o .3 e " : .
attractive method of coupling both LC
Atmospheric pressure Vacuum
and CE to mass spectrometry.
Figure 3: Electrospray ionization

B.5. Summary. The aforementioned techniques while frequently used in the diagnosis
of AD from CSF have slow analysis times, many of them can consume large volumes of
sample (uL. - mL) and are limited in the number of markers that can be simultaneously
detected. This proposed total analysis microchip will allow for the simultaneous
detection of multiple markers in a small sample (nL). A decrease in analysis time will

also be seen using the microchip format in comparison to conventional instrumentation.

C. Research Methods/Experimental Design

Development of a total analysis microchip for the purification, separation and
detection of glycoproteins from human cerebrospinal fluid is presented.  The

development of this microchip will take place in 4 parts.
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1. Develop microchip for the injection and

(lsom pr— D purification of glycoprotein from CSF using known

in CSF
Reverse phase Capillary gel
micro LC column electrophoresis

microfluidic methods.

or 2. Develop a multidimensional microchip

for the separations and qualification of CSF
proteins.
( Protein digestion ) . . .
3. Couple a microchip device to mass
Cilectrospray ionizatioD spectrometry for the quantification of CSF proteins
mass spectrometry

Figure C1: Steps in the development of uTAS of interest.
for glycoproteins in CSF

4. Merge the development of specific aims
one, two and three through the addition of a series of valves to create a total analysis
microchip for the detection of glycoproteins in CSF for the diagnosis of Alzheimer’s
disease.

The basic steps for the analysis of glycoproteins in CSF are shown in Figure Cl1.
Many of these procedures have been preformed previously on conventional
instrumentation. The aim and novelty of this proposal is to incorporate all of these steps

into a single, on-line, microchip for complete glycoprotein analysis of CSF.

C.1. Isolation of glycoproteins in CSF. The first specific aim of this project will be to
isolate glycoproteins from the complex protein mixture found in CSF. This will be
accomplished through the use of affinity chromatography. Affinity chromatography is

the process of selective adsorption and subsequent recovery of a compound from an
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immobilized ligand. This process allows for a highly specific and efficient purification of
many diverse proteins and other compounds. Binding is based on a highly specific
interaction such as interactions between antigen and antibody, enzyme and substrate, or
receptor and ligand. The ligand is generally immobilized on a beaded, porous matrix
which may be in the form of a packed column. Within this specific aim there will be two

major tasks.

Task 1: Optimization of affinity chromatography for glycoproteins. This task with be

preformed on conventional LC instrumentation with either commercially available

affinity particles or particles modified in the lab. N H
Cis-diol OH
The conventional LC instrument is automated bond
N-@
and equipped with an autosampler which will N @?\\—o
OH Glycoprotein
allow us to run multiple affinity columns with a
Boronate Affinity

. . . .. Particle

variety of buffer conditions to quickly optimize
Figure C2: Capture of glymprat‘einc!)y_gorfnate
o . . fhinity ch is-di

the binding and elution of glycoproteins. effinly chromatography through & Cis-dio

Boronate®> and Multilectin®® are two affinity chromatography variants that have been
shown to bind glycoproteins. Boronate columns bind through cis-diols on carbohydrates,
while in a multilectin affinity column, specific lectins such as concanavalin A or wheat
germ agglutinin bind to specific carbohydrates. In this proposal we will focus on the use
of boronate affinity particles for the isolation of glycoproteins in CSF. Boronate affinity
particles can be purchased commercially or made in the lab. Due to ease of fabrication,
the boronate affinity particles will made by modifying ToyoPearl Formyl particles with

3-aminophenylboronic acid.?”’” Carbohydrates such as glucose bound to the exterior of
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proteins (glycoprotein) contain cis-diols which bind to the boronate modified particles
(Figure C2). The bound glycoprotein can then be eluted off of the column in one of two
ways. First a buffer with a higher affinity for the cis-diols on the glycoprotein such as
borate can be or second a buffer containing compounds with a higher affinity to the

column than the glycoprotein such as sorbitol can be used.

Task 2: Miniaturization of boronate affinity chromatography for total analysis microchip.
This task will focus on the adaptation of the boronate affinity column, task 1, to a small

scale polymer microchip. This microchip will be used to test the viability of small scale

affinity chromatography (AC) in the isolation of glycoproteins
in CSF. A simple microchip design is given in Figure C3. This
microchip will consist of 3 distinct parts. The first part is the
multiple inlets to the column. Three inlets will be used for
sample (A), binding buffer (B) and elution buffer (C). When
pressure is applied to a specific reservoir, solution from that
reservoir will flow through the column. The second major part

of the microchip affinity column is the packed particle column.

ToUvvis Affinity modified beads will be pushed into the chip under

Figure C3: Proposed microchip
boronate affinity column

pressure to form a tightly packed lattice. The tapered outlet will
serve two purposes, first to act as a frit to contain the particles to the column and second
is to reduce the width of the capillary for easy coupling to microchip LC or CE for later
parts of this proposal. The third distinct part is the outlet to a UV-Vis absorbance

spectrometer. UV will be used in this part of the design process because of its simplicity,
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cost and universal detection. Flow rates and pressures will be adjusted through syringe
pumps.

The development of the micro-LC affinity column in this specific aim will allow
glycoproteins to be isolated from CSF. The isolation of the glycoproteins will be able to
be done on small sample volumes (nL) in short time periods (sec.) in comparison to
standard instrumentation. The micro-LC column will also allow for an easy on-line

coupling to the following parts of the u-TAS device.

C.2. Multidimension protein separation on a microchip. Specific aim 2 is crucial for
a high resolution separation of proteins. 2 dimensional separations whether they are
2DE, 2D-LC, 2D-CE or a combination of other separation methods have proven to be the
best way of resolving complex protein mixtures. In this specific aim we plan to develop
a two dimensional separation on a microchip for the separation of CSF proteins. We plan
on using a 2D-CE method. The first dimension will separate the proteins by molecular
weight by using capillary gel electrophoresis (CGE). The second dimension will further
separate the protein mixtures based on the partitioning of the proteins between an
aqueous mobile phase and the interior of a micellar pseudostationary phase. An
alternative method to explore if unforeseen problems occur in the use of 2D-CE will be to
use LC-CE in which the size exclusion chromatography could be used in place of CGE in

the first dimension.

Task 1: I*" dimension, molecular weight separation on a microchip. Our primary focus

will be on capillary gel electrophoresis (CGE) for the 1% dimension of separation. The
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microchip will consist of two distinct parts. The first part will be the injector. A 250 um
double- T injector will be used for the injection of proteins. The second distinct part is
the gel electrophoresis sieving matrix. This sieving matrix will be photopolymerized in
the microchannel and is what allows the separation based on molecular weight. As the
proteins migrates through the sieve they will be hindered, with larger proteins being more
hindered and have longer migration times than smaller ones. CGE has been shown to be
effective on the microchip scale.”* 2® Soper’s method for the photopolymerization of a
sodium dodecyl sulfate polyacrylamide gel will be followed to contain the sieving gel in

22 In this approach, the microchannels will be filled with a monomer

capillary.
solution including a photoinitiator. The polymerization is initiated by UV light, and
using a mask or a shaped beam, the polymerization is restricted to the UV-exposed
regions. The unpolymerized portions of the monomer can then be washed out of the
microchip. Borate buffer will be used in the microchip CGE separation to better provide
a smooth junction between the affinity column (borate elution buffer) and the
electrophoretic separation.

A second method that may be used is size exclusion chromatography (SEC). In
SEC, much like CGE, the separation is based on molecular weight. However, in SEC,
larger molecules are the first to come off the column. This will require the addition of

another micro LC column much like the one described in specific aim 1 for use with

affinity chromatography.

Task 2: 2™ dimension, microchip MEKC. MEKC has been done on the microchip scale

30-32

by numerous groups with numerous surfactants. The microchip design will be very
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similar to that used in the microchip CGE mentioned previously. The chip will contain a
double-T injector and a separation channel. In this case, however, the separation channel
will be an open channel. Micelles acting as a pseudostationary phase will allow proteins
to partition between the aqueous and non-aqueous phases of the micelle depending on the
hydrophobicity of the protein. Buffer solutions in this separation phase will have SDS
concentrations above the critical micellar concentration (8 mM). Sodium dodecyl sulfate
(SDS) is the most commonly used surfactant in MEKC applications. The anionic
character of the sulfate groups of SDS cause the surfactant and micelles to have
electrophoretic mobility that is counter to the direction of the strong electroosmotic flow.
As a result, the surfactant monomers and micelles migrate slowly, but their net movement
is still toward the cathode. Selectivity in MEKC can be varied, if need be, by altering the
nature of the micelle. This is achieved by altering the surfactant and thereby changing the

size, charge or geometry of the micelle.

Task 3: Coupling 1" and 2™ dimension on a
microchip. One of the benefits to coupling CGE and
MEKC on a microchip is the fact that both methods
are electrophoretic separations. Figure C4 show a

schematic layout of the microchip that will be used

for the 2D separation. A glycoprotein sample will be

introduced into the CGE portion of the chip from the

Sample
Wazno
reservoir labeled sample 1 in figure C4. An electric | gigyre ca: Layout for 2D electrophoresis

microchip. Capillary gel electrophoresis will be
the first dimension. Micellar electrokenetic

field will be applied between the sample 1 and sample | chromatography will be the second dimension.

172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



waste 1 reservoirs causing an electroosmotic flow. When the sample has filled the
double T injector the injection potential will be turned off and a potential between buffer
1 and sample waste 2 will be turned on. This will cause the injected sample to flow
through down the separation channel and through the CGE sieving matrix. As proteins
are separated and come off the CGE portion of the chip (sample 2) they are automatically
injected onto the MEKC portion of the chip. As proteins are injected onto the second
dimension an electric field will be applied between the buffer 2 reservoir and the
unlabeled reservoir at the end of the MEKC separation channel to perform the MEKC
separation. The SDS MEKC buffer will be introduced into the chip from the buffer 2
reservoir. Determination of a properly functioning chip will be done with fluorescently

labeled proteins and fluorescent monitoring on an inverted microscope.

C.3. Coupling microchip device to mass spectrometry. Specific aim 3 will involve the
incorporation of trypsin protein digestion with the coupling of the microchip to a TOF-
MS. All experiments will be done on polymer microchips fabricated in lab. This will

allow for the quantification and qualification of the CSF glycoproteins.

Task 1. On-chip protein digestion. Traditional trypsin protein digestion is done by
incubating a protein solution for 15-20 hours at 37° C. This however is too time
consuming to be integrated in-line on a p-TAS device. The Landers’ group has
developed a method for the in-line fast digestion of proteins on a microchip device.*> An
integrated micro LC column filled with trypsin modified agarose particles will be used.

This method has shown a comparable tryptic digestion to traditional methods with the
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low flow rate associated with CE.*® The trypsin modified particles will be introduced
into a microchannel shaped similarly to the micro LC column in specific aim 1 from an
upstream side channel. The same side channel will later be used to introduce acetic acid
to adjust the pH of the CE run buffers (8-10) to the pH needed for digestion (4-5).
Optimization of flow will be done by adjusting the separation potential applied during the

CE separation.

Task 2. Coupling ESI to microchip. Using electrospray ionization to couple

electrophoretic microchips with mass spectrometry

ESI Power . . 34-38 :
S“Dp'v has been published previously. We will

Nebulizer
gas

incorporate an external, in-line ESI emitter for

Electrospray

From Chiga: W LT introduction to the mass spectrometer (Figure C5).

J An apparatus similar to this has been described
Sheath buffer

previously by Harrison et al. 3% with low dead

Figure C5: An external in-line electrospray emitter for
coupling microchip CE to MS.

volume. This device will allow for a good
decoupling between the separation potentials used in CE and the high voltages needed for
the ionization process. It also allows for an introduction of a sheath buffer to eliminafe
problems of ionization associated with aqueous CE buffers and ESI. This will decrease
chip cost and increase the ease of fabrication when compared to microchips with on chip
emitters. An external fused silica capillary or a capillary fabricated into the polymer
microchip will be used to connect the microchip to this emitter.

An ultra-fast tryptic digest coupled to an external ESI emitter will allow a simple

but effective coupling of MEKC to mass spectrometry. Trypsin functionalized particles
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will allow for protein digestion to be done in seconds without having to stop or slow the
flow in the microchip. The external ESI emitter will be beneficial in adjusting flow rates
needed for the electrospray as well as decoupling the voltages needed for the ionization

process from the voltages used to drive CE separations.

C.4. Construction of p-TAS device. Specific aim 4 involves the merger of specific aims
one, two and three through the addition of a series of valves to create a u-TAS device for
the detection and quantification of glycoproteins in CSF. In Figure C6 (left) a schematic

of the final chip is proposed.| The chip itself can be broken into 3 major parts; affinity

EAC
BN CGE
m Wl MEKC
A EETiypsindigest i
| mWValues Nebulizer

BO—=—

Sheath buffer B
Figure C6: Proposed p-TAS chip coupled to ESI-TOF-MS
chromatography, 2D-CE and ESI-TOF-MS. In total there will be 9 reservoirs, 2 high

B i o

=
L
TOF-MS

voltage power supplies, and 4 valves (figure C6, green rectangle). The valves used in this
device will be based on work from the Mathies’ group. These valves operate in a
normally closed manner and are actuated using pressure when flow is needed in a specific

channel.* Other methods such as electromagnetically driven valves may be explored.
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The first major part of the microchip is the u-AC column (figure C6, blue) described in
specific aim 1. Reservoirs 1, 2 and 3 will be used as described previously for the sample,
binding buffer and elution buffer respectively. Reservoir 4 will be used as the waste
reservoir. Valving can be opened or closed depending on the path of desired flow travel.
For example, when washing particles, flow goes to waste, requiring the valve that leads
to reservoir 4 to be opened and all the others to remain closed. If flow is desired toward
the CE portion of the chip, the valve to reservoir 4 remains closed while the valve that
leads to the next stage of the chip is open.

The second major part of the microchip is the 2D-CE portion. Pressure driven
flow will force the eluted glycoproteins into the double T injector to perform CGE (figure
Co, red). Once the glycoproteins are injected the valves blocking reservoir 5 and the
CGE separation channel will be opened and a high electric field applied between
reservoir 5 and reservoir § to drive the separation through the CGE sieving matrix.
Junction between CGE and MEKC (figure C6, purple) separation steps will be done as
described in specific aim 2. The separation potential for MEKC will be applied between
reservoir 7 and the electrode near the edge of the microchip.

The third major section of the microchip device is the protein digestion (figure
C6, orange) and ESI emitter. Protein digestion is done at the end of the MEKC
separation channel where a side channel (reservoir 9) introduces acetic acid into the
buffer to adjust pH for the protein digestion. The addition of acetic acid will be done by
appling a pressure to reservoir 9 and allowing it to mix with the MEKC buffer before
entering the trypsin modified column. Linking the microchip to the ESI emitter will be

done by a process described by the Harrison group.3 8 Briefly a small hole will be drilled
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in the side of the microchip in-line with the end of the channel where a capillary will be

inserted for connection

D. Summary

Neurodegenerative diseases such as Alzheimer’s affects millions of people
worldwide. There is no definitive ante mortem way to diagnose AD. Current diagnosis
for this disease is done through a combination of clinical and psychological examinations
but is only around 80% accurate. Because of this there is merit to approaches that will
simultaneously assay multiple biological markers. Cerebrospinal fluid offers a good
medium for the discovery and analysis of biological markers relevant to the diagnosis of
AD because of its close proximity to the brain. The CSF participates in free exchange of
many biochemical products within the brain including small molecules, peptides and
proteins. A change in concentration of specific proteins, both glycated and non-glycated,
have been shown in patients with AD. In this proposal we focus on glycoproteins in the
CSF. A micro total analysis system is proposed for the purification, separation and
detection of the glycoproteins in CSF. This novel all in one device will allow the
accurate analysis of multiple glycoproteins in CSF and their relative concentrations from
small sample volumes (ul) in a fraction of the time it takes for conventional
instrumentation.

The proposed pu-TAS can be implemented in much broader areas than for the
detection of AD biomarkers in CSF. Various complex biological samples such as blood
or urine could also be run on these chips depending on the interests of the researcher.

Specificity can also be easily changed in this device by simply changing the affinity
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column. Specific proteins, groups of proteins or even small molecules could be isolated

depending on the affinity composition.
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