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ABSTRACT

This work describes several research projects aimed towards developing new
instruments and novel methods for high throughput chemical and biological analysis.
Approaches are taken in two directions.

The first direction takes advantage of well-established semiconductor fabrication
techniques and applies them to miniaturize instruments that are workhorses in analytical
laboratories. Specifically, the first part of this work focused on the development of
micropumps and microvalves for controlled fluid delivery. The mechanism of these
micropumps and microvalves relies on the electrochemically-induced surface tension
change at a mercury/electrolyte interface. A miniaturized flow injection analysis device was
integrated and flow injection analyses were demonstrated. In the second part of this work,
microfiuidic chips were also designed, fabricated, and tested. Separations of two
fluorescent dyes were demonstrated in microfabricated channels, based on an open-tubular
liquid chromatography (OTLC) or an electrochemically-modulated liquid chromatography
(EMLC) format. A reduction in instrument size can potentially increase analysis speed, and
allow exceedingly small amounts of sample to be analyzed under diverse separation
conditions.

The second direction explores the surface enhanced Raman spectroscopy (SERS)
as a signal transduction method for immunoassay analysis. It takes advantage of the
improved detection sensitivity as a result of surface enhancement on colloidal goid, the
narrow width of Raman band, and the stability of Raman scattering signals to distinguish
several different species simultaneously without exploiting spatially-separated addresses on
a biochip. By labeling gold nanoparticles with different Raman reporters in conjunction with
different detection antibodies, a simuitaneous detection of a dual-analyte immunoassay was

demonstrated. Using this scheme for quantitative analysis was also studied and preliminary



dose-response curves from an immunoassay of a model antigen were obtained.
Simultaneous detection of several analytes at the same address can potentially increase the

analysis speed, and can further expand the analysis capability of a microarray chip.



GENERAL INTRODUCTION

Dissertation Organization

This work explores new approaches for high throughput chemical and biological
analysis. Two approaches, miniaturizing widely used analytical instrumentation and
increasing information readout from each analysis, were pursued in parallei to achieve this
goal.

The introduction section to this dissertation provides a brief overview of the research
that will be described in each of the chapters and a literature review of the on-going
research efforts in high throughput analysis. A list of references is attached at the end of
this section. Five data chapters, each of which is presented as a separate manuscript with a
different research focus, follow the general introduction.

The first three data chapters describe work towards integrating a liquid
chromatography (LC) device on a chip. Chapter 1 presents the proof-of-concept design of a
mercury pump and summarizes the flow rate, pressure and power consumption results
obtained from theoretical modeling as well as experimental characterization. Chapter 2 is
an extension of the work in Chapter 1, where the pump is reconfigured to function as valves
for sample injection as well as for control of flow rate and direction. In addition, flow
injection analyses using a system integrated from such components are also presented.
Finally, Chapter 3 summarizes the design and fabrication of a chip-scale electrochemically-
modulated LC (EMLC) device, and presents some preliminary separation resuits obtained
from these efforts.

The last two data chapters describe the development of a multianalyte immunoassay
readout scheme using surface enhanced Raman scattering (SERS) signals of reporter

molecules co-immobilized with biospecific species on goid colloids. The simuitaneous



multianalyte detection concept is demonstrated in Chapter 4, and an in-depth study of this
approach for quantitative analysis is presented in Chapter 5. The dissertation ends with
general conclusions regarding the work presented in each chapter and speculates on

possible extensions.

Literature Review

The human genome initiative has increased significantly the rate at which disease-
causing genes are being mapped and sequenced.! With the mapping of the human
genome proceeding rapidly, scientists also recognize the need to characterize the
corresponding gene products, namely proteins, in order to better understand the chemical
composition of biological systems. The new term, proteome, describes all the proteins
expressed by a genome, and proteomics defines the large-scale study of proteome.2: 3 The
combined genomic and proteomic information is used by the pharmaceutical industry to
search for new drug targets and to screen a library of drug candidates against a certain
disease.4 Both genome and proteome as well as drug library contain enormous quantities
of information. Therefore robust, reproducible, and accurate analysis protocols are required
in the field of genomic and proteomic mapping to locate the gene or protein mutations that
cause the disease, and in the field of drug screening to discover a drug that targets these
mutations.

To obtain and handle this massive information, new analytical instrumentation and
analysis methods have undergone rapid development in the past two decades. Among
these new methods, massively parallel processing by using extremely miniaturized
analytical systemsS-9 and massively parallel readout!0-12 by using multiple labels are two
major approaches that have appeared most promising for providing the necessary level of

throughput in the DNA, protein, and drug analysis reaims.



Massively Parallel Processing

Research in many analytical analyses and clinical assays has been moving rapidly
towards the development and use of miniaturized systems, which allows a limited amount of
sample to be analyzed under diverse conditions and enables researchers to obtain more
complete characterization of the sample. Miniaturized analytical systems, also commonly
referred to as “labs-on-chip”, can be classified generally into two categories: microfluidics,
based on microchannel networks,!3 and microarrays, based on a microtitre plate format.

These systems have several potential advantages, including:

(i) down-sizing of instruments, which in some cases permits true portability for

point-of-care testing;
(ii) increased automation with decreased sample handling, of particular

importance with infectious samples;

(iii) increased throughput and efficiency; and
(iv) markedly decreased consumption of expensive reagents and of small-
quantity samples.

Micromachining and microfabrication techniques have been applied to build the
miniature elements in these systems. The techniques, based on decades of advancements
in integrated circuit (IC) design, have produced low cost ICs and made personal computers
affordable. There are now also established processes for the fabrication of micron-sized
structures, sensors, and actuators in a booming research field called
microelectromechanical systems (MEMS).14 More recently, the traditional IC fabrication
techniques, such as oxidation, photolithography, bulk and surface micromachining, and thin-
film deposition and bonding, have been either directly adopted or further developed to
pattern surfaces with dense arrays of biomolecules in microarray fabrication or to build

three-dimensional fluidic networks in microfiuidic devices.15: 16



Microfiuidics

The demand for the high throughput analysis of complex mixtures has led technology
towards the development and application of microfluidic devices, in which chemical or
medical analyses are conducted in microchannel networks. Efforts are not only limited to
the miniaturization of existing, widely used analytical instruments, rather, miniaturization of
flow devices also opens a new research field in fluidics since the behavior of the fluids in
microfabricated channels is much different from that observed at conventional scale.7-19
For example, the Reynolds number (Re) in a microchannel is usually below 200, suggesting
a laminar flow pattern in these channels, rather than turbulent as found in large pipes.
Therefore, special designs and considerations are necessary to account for this unique flow
characteristic when developing novel fluidic sensors and analyzers at extremely small
dimensions. The ultimate goal of these efforts is to incorporate all sample processing steps
into an analytical system, so called “micro total analysis system (LTAS)", to realize a
reduction in sample and reagent consumption, a fast analysis time, and a large output of

information.6: 20, 21

Device Components. In order to realize automatic chemical analysis and achieve
effective sample handling, treatment and detection, the development and integration of
device components are necessary.22 Figure 1 shows a basic fluidic flow-based analytical
system consisting of microfabricated flow channeis, miniaturized chemical sensors or
detectors, and flow control devices, including micropumps and microvaives.

Micropumps. The classification of micropumps is somewhat arbitrary. Figure 2
distinguishes them by the presence or absence of mechanical check valves, and by
actuation principles. For micropumps containing check valves, the momentum of a

piezoelectric,23. 24 thermal pneumatic,25 or electrostatic26 actuations is transferred to
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Figure 1. Schematic representation of a microfluidic device.

the solution, and causes fluid flow. However, continuous unidirectional fluidic flow can only
be achieved from such pumps after connecting with check valves.

The diffuser pump consists of an actuated pump chamber and a pair of
nozzle/diffuser elements that take care of a rectifying action. The principle of operation
relies on the change in pressure when the fluid passing different channel geometries, which
results in preferential flow in one direction.2?. 28 Since no mechanical movement is involved
to realize the check valve function, the nozzle/diffuser elements are often referred as
valveless valves.27. 28

There is a variety of micropumps that realize unidirectional fluid delivery without the
use of check valves. Bubble-powered pumps rely on the repeated growth and collapse of a
single bubble to push small amounts of liquid through narrow channels.28
Electrohydrodynamic pumping (EHD) is performed by the large electric fields developed

between two electrodes that are positioned orthogonal to the flow direction, or by
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Figure 2. Micropump classification.

induction.30 Electrokinetic pumping has been, to date, the most successful mechanism for
achieving controlled fluidic delivery in miniaturized channels. It relies on the presence of a
surface charge on glass capillaries, which causes counter ions in the fluid to align along the
inside of the capillary. Therefore, when a high voltage is applied along the longitudinal
direction of the flow channel, the mobile counter ions move and take the rest of the fluid
column with them.31

Microvalves. Microvalves can be classified into two categories: active microvalves
(with an actuator) and passive microvalves (without an actuator).16. 32 They may be part of
a micropump as check valves, or work independently to switch flow direction or to control
flow rate.

Active microvalves are usually used for control of flow rate and for sample injection.
Although most all microactuators have been adapted to build gas control microvalves, only a
few active microvalves have been developed for controlling liquid flow based on
piezoelectric24 33 or thermopneumatic34 actuation. Recently, the unique material properties
of shape-memory alloys35: 36 and pH- or charge-sensitive hydrogels37: 38 have been
exploited to fabricate new types of microactuators for microvalves as well as for micropump

devices.



In contrast, passive microvalves are used mainly as check valves and are attached
to each side of a micropump. Several types of operating schemes have been developed,
which rely on microstructures such as a simple bulk silicon cantilever,3° a suspended
polysilicon round disk,40 or a molded silicone rubber float.41

Microchannels. Another passive element in a microfluidic device is the microchannel
network. Microfluidic channels have been fabricated in different kinds of materials, ranging
from silicon,42. 43 glass,44 to a variety of polymers.45 Silicon and glass machining
techniques are adopted mainly from the IC industry. Indeed, the first commercial
microfluidic-based lab-on-a-chip device (HP 2100 Bioanalyzer) was built on a glass
substrate based on the techniques developed by Caliper Technologies, Inc., to perform DNA
analysis. Figure 3 shows a photograph of one of the microfluidic chips made by Caliper.

Recently, more attention has been given to polymeric substrates. Polymers differ

from one another in their mechanical properties, optical characteristics, temperature stability,

Figure 3. Microfluidic chip for DNA analysis. Reproduced with permission from

www.calipertech.com



and chemical resistivity. As a consequence, it is believed that there is a suitable polymer
material for nearly every application. Traditional photolithography techniques have been
exploited to directly build microstructures into different photoresist polymers, including SU-8,
photosensitive polyimide, and photosensitive polymethylmethacrylate (PMMA). Replication
technologies, such as hot embossing, injection molding, and casting further expand the
applicable substrates to low cost materials like polycarbonate (PC), polypropylene (PP), and
polystyrene (PS).46-49 These fabrication technologies, together with the substrate materials,
offer the opportunity for low-cost manufacturing, which is the secret of commercial success.
In fact, a start-up biotech company, Aclara BioScience, Inc. is building its major market in
plastic microfluidic chips fabricated from the replication process that is shown in Figure 4.
Laser-based direct writing50- 51 and stereolithography techniques are also being applied to
fabricate polymer-based structure and devices.45

Microfilters. Microfilters are sometimes fabricated within a microfluidic channel to

select particulate materials of a certain size within a sample. The deep reactive ion etching

Figure 4. The replication process used by Aclara BioScience, Inc to fabricated plastic

microfiuidic chips. Reproduced with permission from www.aclara.com



(DRIE) technique was used to create a network of intersecting 1.5 x 10 um channels in
quartz.52 When placed at the bottom of reservoirs with a side exit, this channel network
behaved as a lateral percolation filter and was used to filter cells in a flow stream.
Microsieves with sub-micron (260 nm) pore sizes were also made using muitiple laser
interference lithography in a 100 nm thick silicon nitride layer.53

Micromixers. Solution mixing within small channels is usually a big problem caused
by the absence of turbulence in the flow with low Re (<100). The laminar flow characteristic
of microfluidics suggests that diffusion dominates the mixing process, which is much slower
than turbulence caused mixing. To specifically account for this flow characteristic in
microfluidic devices, micromixers have been designed and fabricated. Bessoth and co-
workers presented a micromixer for the laminar flow regime based on the principle of flow
lamination.34 The structure is made from a glass/silicon/glass sandwich and the layout of
the micromixer is based on the principle of distributive mixing. A similar principle was used
by Schwesinger and co-workers for building static micromixers, consisting of two structured
silicon wafers bonded together.55

Detectors. Conventional fluorescence microscopes, equipped with CCD cameras,
have been used widely to observe and detect analytical results obtained from most
microfabricated devices.5¢ However, miniaturized detectors that can be integrated within
miniaturized systems are usually in the form of microelectrodes,57-6! where detection is
based on the electrochemical properties of the analytes in a sample. Optical fibers have
also been integrated within the detection region of flow channels to perform absorbance or
fluorescence-based detection.62. 63 QOther types of chemical sensors, such as surface
acoustic wave devices (SAW),%4 were microfabricated, but their applicability in u\TAS has

not been demonstrated.
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Analytical Devices. In the past two decades, scientists have been trying to
miniaturize the analytical systems that are the workhorses in the analytical laboratories. In
1979, researchers at Stanford University fabricated a gas chromatographic air analyzer, the
first chip scale analytical device fabricated on a silicon wafer.65 A miniaturized flow injection
analysis (FIA) system was also integrated on a plastic platform the size of a credit card.6
Some efforts were given towards building chip-scale liquid chromatographs (LC), but more
success has been achieved when using electrokinetic pumping for fluidic delivery87-69 rather
than with pressure driven LC systems.”0. 71 A micromachined Coulter counter’ was
demonstrated in 1999, and miniaturized cell sorting devices were also integrated on chip.73-
75 Moreover, the key component of a mass spectrometer, the mass analyzer, has been
miniaturized by the Jet Propulsion Laboratory.”6 Both quadrupole and magnetic sector
types of mass analyzers were reduced to a size less than ten centimeters.

Among miniaturized analytical devices, capillary electrophoresis (CE) chips?7-80
have been applied most widely in practical applications such as DNA sequencing®. 82 and
immunoassays.83-85 The simple hardware requirements for fluidic control and delivery
facilitate the miniaturization of a CE system. Almost every form of CE, including capillary
zone electrophoresis (CZE),86 capillary gel electrophoresis (CGE),87-90 and micellar
electrokinetic chromatography (MEKC),®! has been transferred successfully to planar chips.
The major advantage of chip CE over capillary CE is the ability to make zero dead volume
interconnects, which reduce tremendously band broadening during the sample injection step
in a CE experiment. Another advantage is the simplicity of fabricating channel arrays on the
chip versus making capillary arrays, which facilitates the extension from a single device to
parallel processing devices. However, the size of a CE chip limits the maximum iength of

the separation channel, which limits ultimately the separation power of these devices. In



1

applications such as sequencing DNA fragments with more than 1000 base pairs, capillary-
based CE systems are still more beneficial than chip-based electrophoresis devices.
Ongoing research efforts are devoted to overcoming this size limitation with chip CE

devices.

Other Applications. Microfabricated fluidic devices have not only been used to
perform chemical and biological analysis, but also as microreactors to carry out chemical
syntheses.92 For example, the temperature-dependent polymerase chain reaction (PCR)
was carried out by flowing reactants continuously in a microfluidic channel that crossed
different temperature zones on a microchip. Rather than changing the temperature of the
reactants in a stationary vial, this microfiuidic-based reactor has been considered as a
breakthrough towards an integrated DNA total analysis device.93

Elastomeric microfluidic networks have been used for surface patterning by localizing
chemical reactions between biomolecules and the surface. For example, different
antibodies were delivered precisely onto different locations of a surface using an array of
microfiuidic channels. Immunoassays were then successfully performed on such

surfaces.34. 95 Similar microfiuidic networks have been used for the patterned deposition of

cells as well.9

Microarrays

High-density microarray devices are based on a microtitre plate-type format and
achieve high information throughput by massively parallel processing.2: 97 Such devices
have numerous spatially separated addresses, where each is labeled with a different type of
probes. For example, DNA arrays are comprised of short strands of immobilized DNA

(“probe”) sequences prepared on a planar support. Samples of unknown DNA, usually
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labeled with fluorescent dye, can be analyzed by monitoring the sequence-specific binding
(“hybridization”) to the arrays. Detailed information about the sample sequence is related to
the location (i.e., address) of the probe on the planar support.98 DNA microarray devices
have been used in gene expression, sequencing, and mutation detection,98-103 and are
commercially available through companies, such as Affymetrix, Inc. and Nanogen Inc. The
development of microarrays capable of performing proteomic analysis has also appeared as
an extension of DNA chips. In this case, different proteins, such as antibodies or enzymes,
are used as probes and are immobilized to different addresses on the chip.104

One of the essential steps in building these devices is to fabricate arrays of sufficient
size and complexity with the highest possible density of encoded sequence information.
The technology involved in the definition of these high-density spatially-separated addresses

is usually used to differentiate the fundamental operational platform.

Light-Directed Synthesis. DNA arrays are fabricated at Affymetrix through the
light-directed synthesis process, termed as “very large-scale immobilized polymer
synthesis”.105-107 |n this technique, 5'-terminal protecting groups of the growing
oligonucleotide chains are selectively removed from the sequence in predefined regions of a
glass support by controlled exposure to light through photolithographic masks. Figure 5
illustrates the overall fabrication process. It begins with a planar glass or silica substrate,
which has been covalently modified with linker molecules bearing a terminal photolabile
protecting group. Specific regions of the surface, defined by a mask, are exposed to light,
causing the selective removal of protecting groups from the linkers in the illuminated
regions. The activated linkers react locally with one of four similarly protected nucleotide
building blocks (dA, dG, dC, or dT) supplied in the reaction mixture. Cycles of photo-

deprotection and nucleotide addition are repeated to build the desired array of sequences.
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Figure 5. Schematic representation of light-directed synthesis. Reproduced with permission

from www.affymetrix.com

This strategy is considered to be the most efficient combinatorial scheme for building high-

density arrays.

Electronic Addressing. Nanogen exploits the polarity of DNA for localization on
charged microelectrode arrays, a technique named “electronic addressing”.1%8 In this
technique, the pre-synthesized, negatively-charged DNA probes under the effect of an
electric field move close to a set of positively-biased electrodes and are chemically bound to
these sites. The microchip is then washed and another solution of distinct DNA probes can
be added. Repetition of the cycle with appropriate electrode-biasing, therefore, builds
sequentially a large array containing distinct sites of sequence-specific DNA probes. Figure
6 shows five sets of different capture probes that have been electronically addressed to the
microchip. In contrast to the light-directed synthesis approach of Affymetrix, this technique
is more versatile and cost-effective when building custom arrays with less addresses.

Some companies also use automatic array spotters to directly deliver different pre-
synthesized DNA probes to specific locations on the substrates. The array spotter uses
state-of-the-art XYZ positioning instrument to provide precise and high-speed
manufacturing. Figure 7 shows the central part of the array spotter used at Molecular

Dynamics, Inc. It relies on 12 capillary pens to deposit nanoliter volumes of samples at a
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Figure 6. Schematic representation of electronic-addressing. Reproduced with permission

from www.nanogen.com

high density onto coated glass slides. Clearly, the accuracy and precision of the spotter
movement and the surface modification of the substrate are critical factors in determining

the array density.

Massively Parallel Readout Methods

Instead of reducing the size of the analytical instrument, i.e., the “hardware” used in
the analysis, maésively parallel readout methods increase the information throughput
obtained from conventional instruments by devising new methodologies of the analyses, i.e.,
the “software”. This is done by using multiple labels for the simuitaneous detection of
multiple species in an unknown sample mixture.!? This approach is particularly beneficial
for clinical applications, since many immunoassays (e.g., the diagnosis of myocardial
infarction, screening of cancer markers, and allergen tests) require the rapid, concomitant
determination of several analytes to formulate a diagnosis. The muitianalyte detection
technique provide advantages including work simplification, increased test throughput and
reduced overall cost per test.109,
To perform the analysis, the labeled analyte is first separated from the sample and then

analyzed by a variety of different approaches, 10 including scintillation counting,!?
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Figure 7. The array spotter used by Molecular Dynamics, Inc. for DNA array fabrication.

Reproduced with permission from www.mdyn.com

fluorescence, 1. 112 absorption, 113 electrochemistry,'2 chemiluminescence,!14 Rayleigh
scattering,'!5 and Raman scattering.116-118 The identification of the unknown sample is
established based on the observed signatures of different labels. Figure 8 conceptualizes
the procedure of a multianalyte enzyme-linked immunosorbant assay (ELISA). Obviously,
the more labels that can be distinguished simuitaneously, the more information can be
obtained from a single readout. Indeed, ongoing research efforts in this field have been
devoted to the development of different detection schemes and to the search for different
groups of labels.

Several requirements need to be considered when choosing labels for simultaneous
muitianalyte detection. First, the analytical signal from a label should be of sufficient
strength so that the assay can provide adequate sensitivity. Second, the signals from
different labels should have minimal overlap to ensure accurate detection. ldeally, the
signals should be insensitive to the environmental conditions, such as humidity and oxygen
concentration, in which the analysis is performed. This characteristic broadens the
applicability of the technique and ensures the reproducibility of the measurement. Finally,

the hardware required for inducing and detecting signals from different labels should be as
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Figure 8. Schematic illustration of a dual-analyte ELISA

simple as possible. Of the vast selection of readout schemes and labels, fluorescent-based
multianalyte detection using different fluorescence dye molecules as labels have been by far
the most widely used to address this need. This situation is primarily because of the
availability of distinguishable labels and the detection sensitivity of this technique.!0

To summarize, the demand for high-throughput and cost effective analysis of
complex mixtures has focused a great deal of interest on the development and application of
compact, miniaturized fluidic devices, high-density microarrays, and parallel readout
schemes. Collectively, the combined efforts in these fields will lead rapidly to the elucidation
of the underlying mechanisms of disease, resulting in the discovery of novel drugs, vaccines

and diagnostic methods.
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CHAPTER 1. ELECTROCHEMICALLY-ACTUATED MERCURY PUMP
FOR FLUID FLOW AND DELIVERY

A manuscript in preparation for submission to Analytical Chemistry
Jing Ni," Shelley J. Coldiron,' Chuan-Jian Zhong,'? and Marc D. Porter'®
Abstract
This paper describes the development of a prototype pumping system for the
potential incorporation into miniaturized, fluid-based analytical instruments. The approach
extends the well-established electrocapillarity phenomena at a mercury/electrolyte interface
as the mechanism for pump actuation. That is, electrochemically-induced changes in
surface tension of mercury result in the piston-like movement of a mercury column confined
within a capillary. We present herein theoretical and experimental assessments of pump
performance. The design and construction of the pump are detailed, and the potential
attributes of this design, including the generated pumping pressure, flow rate, and power
consumption are discussed. The possible miniaturization of the pump for use as a field-

deployable, fluid-delivery device is briefly examined.

Introduction
The growing need for small-sized, field/site-deployable instrumentation to function as
environmental monitors in both earth- and space-based applications has stimulated a great

deal of interest in the design of miniaturized analytical instrumentation.!- 2 Operationally, a

' Microanalytical Instrumentation Center, Ames Laboratory-USDOE, and Department of
Chemistry, lowa State University, Ames, |A 50011

2 Current address: Department of Chemistry, State University of New York at Binghamton,
Binghamton, NY 13902

3 Corresponding author
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reduction in size may aiso reduce the consumption of reagents, shorten analysis times, and
enhance the capability to analyze small amounts of samples.3 Indeed, efforts to reduce
significantly the size of analytical systems that are the workhorses in the analytical
laboratory, such as flow injection analyzers (FIA)4 and capillary electrophoresis devices,S.
gas’ and liquid chromatographs (LC),8. 9 and mass spectrometers, 10 have been ongoing
since the 1980's. These developments, some of which were triggered by breakthroughs in
micromachining and microfabrication capabilities,'1: 12 have led to far-reaching concepts
such as the chemical analysis laboratory on a chip, electronic noses, and biochips.13

Of the many challenges in merging micromachining and chemical analysis
technologies, the development of micropumps continues to be a key issue. Development
issues include not only the construction and integration of micropumps, but also the
formulization of descriptions for fluid flow (i.e., microfiuidics14) within exceedingly small-
sized (e.g., tens of microns) channels. Several types of micropumps and requisite
microvalves have been devised and extensively tested along with various forms of
micromixers and microdosers.15-17 In many of the existing examples, micromachined
silicon or polymer diaphragms have served as flexible physical elements that induce fluid
flow via piezoelectric, pneumatic, or magnetic actuation. The limited lifetime of these
diaphragms, however, remains somewhat problematic. |

Recently, surface tension changes along a flow channel have been employed for
fluid pumping, a concept known as Marangoni flow.18. 19 |n these approaches, a surface -
tension gradient was generated between two electrodes positioned on the walls of the flow
channel, using electrochemical reactions of surfactants,8 immiscible electrolyte solutions,20
or polymer gels.'® This paper describes a completely different approach for exploiting

change in surface tension for the construction of a miniaturized pump. It is based on the
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ability to induce changes in the surface tension of liquid metals, such as mercury.21. 22
Compared to gravitational and frictional forces, the effects of surface tension in fluidic
sygtems become increasingly significant upon miniaturization, and are generally dominant in
the microgravity conditions encountered in outerspace. Our pumping principle relies on the
electrochemically-induced changes in the surface charge, and hence, the surface tension,
of mercury in contact with an electrolytic solution.

Descriptions of the change in surface tension of mercury as a function of applied
potential and electrolyte composition (i.e., electrocapillary curves) have been a long
standing research area in electroanalytical chemistry.23 This type of plot for mercury
electrodes often has a parabolic shape, where the surface tension maximum is defined as
the potential of zero charge (pzc). Thus, the excess charge that accumulates at a mercury
surface at applied potentials more positive or more negative than the pzc causes a
decrease in surface tension, which in turn, results in a relaxation in the curvature of a
mercury drop. This shape change is the basis of the mercury beating heart laboratory
demonstration,24 and has been used in optical and electrical switching applications.25. 26
The electrocapillarity of mercury has also been harnessed as a mechanical actuation
process, which was first theorized by Matsumoto et al. in a micropump format,2? and
recently used by Lee et al. to build a micromachined mercury motor.28 We present herein
the first demonstration of this phenomenon,21. 22 which may have applicability in various
microelectromechanical systems (e.g., chemical dispensers, reactors, and analyzers), to
drive fluids continuously through a capillary. The potential application of this type of pump

in miniaturized fluidic-based analytical instruments is briefly discussed.
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Experimental

Chemicals. Mercury (ACS certified) was purchased from Fisher (Caution:
hazardous vapor), and subsequently cleaned by three passes through freshly pierced filter
paper (hole i.d. of ~0.5 mm). Platinum wires (0.2 mm diameter), used to make connect with
the mercury pool or as a counter electrode, were obtained from Aldrich and used as
received. Potassium chloride (ACS certified) was also acquired from Fisher.

Mercury pump construction. The proof-of-concept design of the mercury pump
(not to scale) is shown in Figure 1. The pump is composed of two components: the main
body and the insert. Figure 1A shows the two parts before assembly and Figure 18
provides two and three-dimensional illustrations of the pump after assembly. The single-
piece insert, shown in the upper left, consists of a 2.5 cm x 2.5 cm x 0.5 cm top platform
and a cylindrically shaped, open-bottomed capillary, which is defined as the inner capillary.
The inner capillary is 1.2 cm long. A horizontal flow channel (0.8 mm i.d.) was drilled
through the platform, and opened into the inner capillary of the pump. Four small vent holes
(i.d. of 0.2 mm) were drilled through the insert for pressure equilibration with the outer
reservoir during actuation.

The outer mercury reservoir, shown in the lower left, was formed by drilling a hole
into a 2.5 cm x 2.5 cm x 2.0 cm Plexiglas biock. The depth of this reservoiris 1.5cm. A
coiled platinum wire was introduced from the side of the pump body into the outer reservoir,
and used as the counter electrode. Another platinum wire was inserted through the bottom
of pump to make electrical contact with the mercury. The two wires are then connected to
an external electrical source (i.e., a waveform generator or a potentiostat) to manipulate the
voltage applied across the mercury/electrolyte interface. The inner and the outer radii of the
inner capillary, and the radius of the outer reservoir were varied as part of our assessments

of factors that affect pump performance.
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In assembling the pump, 50 to 150 uL of freshly cleaned mercury were pipetted into
the outer reservoir depending on the size of the pump. The insert and the main body were
then assembled, as illustrated in Figure 1B. The assembled pump therefore consists of two
concentrically aligned mercury columns, partially filling the inner capillary and the outer
reservoir as a resuit of capillary action. An aqueous electrolytic solution (0.5 M KC!) was
introduced into the outer reservoir through the vent hoies, forming the outer
mercury/electrolyte interface.

Relative height determinations. To determine precisely the relative height (h) of
the internal and external mercury columns, the pump insert was modified by removing the
flow channel section of the upper platform along the dashed line a-a’ in Figure 1. The same
electrolyte was added on top of the inner mercury ecolumn to prevent the evolution of
hazardous mercury vapor. A Ag/AgCI (sat'd KCI) reference electrode was then inserted into
the electrolyte solution in the outer reservoir, and a potentiostat (Bioanalytical Systems CV-
27) was used to supply the voltage to the mercury column in a common three-electrode
configuration. Note that both the counter and reference electrodes are located in the outer
reservoir and that there is no electrical connection between the inner and outer pools of
electrolyte; the voltage is therefore applied only across the interface formed between the
electrolyte and outer mercury column.

Two additional platinum wires were mounted on separate micromanipulators (1 um
resolution), and connected to a muitimeter (Wavetek 28XT) that was set in its audible
continuity test mode. To determine h, one of the wires was carefully moved toward the top
of the inner mercury column, and the other toward the top of the outer mercury through a
vent hole. When both wires made contact with the mercury, the resulting electrical
continuity triggered the audio signal from the muitimeter. The difference in the readings

from the two micromanipulators then represented the relative height, h. In all tests, h was
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determined under two conditions: when the applied voitage was near the pzc of mercury
(pzc for mercury in contact with 0.1 M KCl is -0.423 V vs. Ag/AgCl (sat'd KCl1)29), and when
the applied voltage was 1-2 volts negative of the pzc. The difference between the two
values of h was defined as the change in relative height, Ah.

Flow rate measurements. In evaluations of flow rate viability, a set of ball-style
check valves were attached to each end of the flow channel with heat-shrinkable tubing.
These check valves, which were manufactured by Ace Glass Inc, used 2 mm diameter
spheres made from silicon carbide. The inlet side of the pump was then immersed in a
solution reservoir, while the check valve on the outlet side of the pump was connected to a
glass (0.8 mm i.d.) capillary. The relative height of the solution inlet and outlet was adjusted
in order to avoid gravity-induced fluid flow.

Before each measurement, the fluid conduit, which included the mercury pump,
check valves, and the glass capillary, was primed by applying carefully a vacuum to the
outiet of the flow channel with a syringe. Square voitage waveforms were applied to the
outer mercury/electrolyte interface using a TENMA 72-3060 function generator, which
induced the movement of the two mercury columns. Flow rates were determined by
measuring the displacement of the fluid per unit time within the horizontal flow channel
located at the outlet side of the pump. The volume flow rate (F) was calculated by
multiplying the flow velocity with the cross section area of the flow channel. The volume per
actuation cycle data (VPC) at low pumping frequencies (<1 Hz) were obtained by measuring
directly the displacement length of the fluid during each cycle, while those at high
frequencies were back calculated from the volume flow rates. All experiments were
performed at room temperature.

Power consumption determinations. To determine the power consumption of the

mercury pumps, a voltage step was applied across the mercury/electrolyte interface
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potentiostatically. Pumps, similar to those used in relative height determinations, were used
in this set of experiments. The change in the double layer charging current was
immediately recorded upon application of the voltage step. Theoretically, the power
consumption for the pump can be determined via the applied voitage, actuation frequency,
and integrated charge passed during an actuation cycle. However, only the maximum
power consumption, which was estimated from the product of the change in the applied
voltage and the maximum charging current, will be reported in order to obtain a general

perspective on the instantaneous power consumption of the pump.

Resuits and Discussion

Theoretical assessment. Earlier theoretical models of the pressures generated by
changes in the surface tension of mercury were used in a preliminary assessment of
concept feasibility.27. 3¢ These models consider the situation where an open capillary is
inserted into a large mercury pool, which is subsequently filled with mercury by capillary
action. In this situation, the mercury confined within the capillary exhibits capillary
depression. The fundamental relationships that correlate changes in surface tension (4y),
changes in relative height of mercury column (Ah), and changes in pressure across the
mercury/electrolyte interface (AP) are given by the formulations of Young and Laplace in

equations 1 and 2.30

Ah = Zﬂ-COSO (1)
Rpg
AP = pgAh ()

where R is the inner radius of the capillary, p is the density of mercury, g is the gravitational

acceleration, and @ is the contact angle at the mercury-capillary wall interface. These
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equations describe the equilibrium relationship between interfacial and gravitational forces
within the capillary.

If the surface tension change-induced pressure change can be utilized to drive liquid
flow, the predicted AP can then be used to determine the flow rate (F) based on equation 3.
This equation relates F and AP in terms of the radius of the flow channel (), the viscosity of
the pumped fluid (1), and the length of the flow channel (L).31

F 4 (3)
8y L

Collectively, these equations show that the fluid flow rate can be manipulated by
controlling the change in the surface tension of mercury. That is, the greater Ay, the larger
Ah and AP, and the higher the value of F. Moreover, equation 2 points to an important
attribute of miniaturization - by reducing the radius R of the capillary, a higher AP can be
achieved for the same Ay.

Flow rates were calculated based on these equations for conditions typically
employed in miniaturized FIA and LC applications. With FIA, flow channels usually have a r
of ~250 um and F of a few hundreds of uL/min.32 In miniaturized open tubular LC systems,
however, the flow channels are much smaller (r of 5 to 10 um) as are the flow rates (Fof a
few nL/min.2. 3). Table 1 summarizes the theoretical Ah, AP, and F results that were
calculated with channel dimensions mimicking those in FIA or LC applications. In these
calculations, we assumed a @ of 0°, a L of 10 cm, a nm of 1 x 10° N-s-m*i.e., the viscosity
of water), and set requal to A. The calculation also used a Ay value of 100 dynes/cm, a

change easily accessible when mercury is in contact with aqueous electrolytes (e.g., 0.1 M

KCl).29



32

The results in Table 1 demonstrate that the pump can theoretically function in both
types of analytical formats. For example, with both rand R equal to 250 um, a Ay of 100
dynes/cm results in a AP of 0.12 psi, and F as high as 736 uL/min. In contrast, setting rand
R equal to 5 um results in a AP of 5.80 psi, and F of near 6 nL/min. These results, which
demonstrate the intricate interplay between R, AP, and F, support the possible applicability
of our pump concept in both miniaturized FIA and LC.

Experimental performance evaluations. Building on the resulits of the feasibility
assessments, the pump shown in Figure 1 was constructed and tested. This design
confines the outer mercury pool within a reservoir, whose radius is slightly larger than the
external radius of the inner capillary. Under open circuit conditions, the relative height
between the inner and outer mercury columns reflects the balance of forces from gravity
and surface tension. By controlling the radius of each capillary, the inner mercury column
can be forced to rise to a height greater than that of the outer mercury column. The
actuation of the pump relies on how the surface tension of the outer mercury column is
altered through changes in the voltage applied across the outer mercury/electrolyte
interface. This change in surface tension causes both mercury columns to reposition until a
new balance between gravity and surface tension is established, with the height change of
the inner mercury column exploited to displace the fiuid within the flow channel. The
following examines how the displacement of the inner mercury column as a function of the
applied voltage can be harnessed to pump fluids. The power consumption of the pump is
then estimated, and a brief discussion-of the possible use of this pump in a microfluidics
system is presented.

(i) AP and Ah. The first set of experiments examined the influence of applied voltage

on AP and 4h. As mentioned in the Experimental section, the voltage is applied only across
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the outer mercury/electrolyte interface, indicating that only the outer mercury surface
tension is affected by a change in the applied voltage (AE). This change in surface tension
(Ay) leads to a pressure change in the outer reservoir, which causes the two mercury
columns to move until a new pressure balance is established by the change in relative
height (4h) of the inner and outer mercury columns. Therefore, Ah is a reflection of the
electrochemically-induced AP, and it is a consequence of the displacements of both the
inner (Ah;;) and the outer (4h,,) mercury columns.

The actuation process of the mercury pump is demonstrated by the two photographs
in Figure 2. These photographs were taken when applying either -1.8 V (Figure 2A) or -0.4
V (Figure 2B) to the mercury pool with respect to a Ag/AgCl (sat'd KCl) reference electrode;
0.5 M KCI was used as the supporting electrolyte. Considering the pzc for mercury is
around -0.4 V vs. Ag/AgCI (sat'd KCIl),29 Figure 2A therefore, shows the relative height
between the inner and outer mercury columns at an applied voltage that is ~1.4 V negative
of the pzc. Figure 2B, on the other hand, represents the relative heights at an applied
voltage that is close to the pzc. Based on the electrocapillary curve for mercury in 0.1 M
NaCl,33 this difference in applied voltage induces a Ay of ~200 dynes/cm, which, as shown
in Figure 2, results in a 4h of ~2.6 mm. This height change corresponds to an elevation of
the inner mercury column (Ah,,) by nearly 1.5 mm, and to a lowering of the outer mercury
column (Ahos) by ~1.1 mm. Hence, it is Ah;, that causes the piston-like displacement of the
liquid in contact with the inner mercury column, and forms the basis of our pumping
mechanism.

The general shape of an electrocapillary curve, when combined with the predictions
of equation 1, suggests that Ah can be manipulated by controlling AE. Our tests have

shown that changing the negative limit of the applied voltage to -1.0 V, instead of the -1.8
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V used for the experiment in Figure 2A, reduces Ahto ~1.1 mm. However, the maximum
Ah that can be obtained is limited by the most negative voltage that can be applied across
the mercury/electrolyte interface before hydrogen evolution, which occurs near -2.0 V vs.
Ag/AgCI (sat'd KCl) according to a voltammetric current-potential curve. We also found, as
expected, that the identity and concentration of the supporting electrolyte influenced the
displacement of the two columns, but that the displacements were not significantly different
when using simple electrolytes (e.g., sodium vs. potassium, chlorides vs. nitrates), over
concentration ranges between 0.1 M and 1 M. Therefore, 0.5 KCl was used as the
supporting electrolyte for the remainder of these experiments for comparison purposes.

Besides electrochemically controlling Ay, equations 1 and 2 suggest that the radius
of the capillaries (R) should also affect Ah and therefore AP. To assess this effect, pumps
were constructed having different values of R. The experimental Ah of each pump was then
determined from the relative height data at -0.4 and -1.8 V vs. Ag/AgCI (sat'd KCl).

To calculate theoretical values for Ah, equation 1 serves as a starting point to derive
the correlation between Ah and the size of the two confined mercury columns in our
concentrically-aligned geometry. Recognizing that the voltage is applied to the outer
mercury/electrolyte interface, only the surface tension of the outer mercury column changes
when the applied voltage is altered. Equation 4, which reflects a balance of the effect of
gravity at the inner mercury column with the surface tension-induced change in pressures at
the two contact surfaces of the outer mercury column, can therefore be written:

2Aycoso( 1 ) @

Ah=
pg R -R,

where A, is the radius of the outer reservoir, and R is the external radius of the inner

capillary.
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As mentioned earlier, Ah is an important parameter that relates to the pressure that
can be generated by the pump. The displacement of the inner mercury column (Ah;,), is
another important characteristic of the pump, and defines the displacement that can be
utilized to induce fluid flow. The relationship between Ah;,, Ah, and the dimensions of the

pump is presented in Equation 5:

-

= R\Z‘Rz-
in RIZ —Rgz +R32

(5)
where Rj; is the internal radius of the inner capillary. The development of Equations 4 and §
are detailed in the Appendix.

FourAdifferent-sized pumps were constructed; their sizes and performance figures of
merit are given in Table 2. First, the theoretical and experimental results for Ah were
compared. The experimental Ah data were then used to determine AP and Ah,, based on
Equations 2 and 5. The calculations used a Ay of 200 dynes/cm, which is representative
for the voltage biases used in these experiments, and a 6 of 135°, which was measured
from the photographs in Figure 2.

in general, the experimental results are in very good agreement with the theoretical -
expectations. For example, Ah increased with the decrease of R;-A,, as expected
according to Equation 4. We attribute the small quantitative differences between
experimental and theoretical results to several factors, including the approximate values of
the contact angle and the surface tension used in the calculation, the disregard of the
curvature of the mercury meniscus in the height measurement, and small misalignments of
the inner capillary when placed in the outer reservoir.

Most importantly, Table 2 shows that two key aspects of pump performance, AP and

4h,, are also affected by the physical size of the two containment columns, reflecting the
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contribution of capillarity. That is, both AP and Ah;, increased with a decrease in A-R,
suggesting an improved pump performance with the reduction of the separation distance
between the capillaries. These resuits point to an important benefit of miniaturization - a
decrease in size potentially enhances the ability of the pump to move fiuids in
microchannels.

(ii) F. Flow rate (F) is another important delimiter in defining pump performance.
This set of experiments was aimed at delineating the flow rates accessible with our
mercury-based pumps. Figure 3 conceptualizes the piston-like actuation process for
inducing fluid flow. That is, at applied voitages removed from the pzc, which is termed the
fill mode, the inner mercury column is distended and the inner capillary fills with the pumped
fluid. The pump mode, in contrast, resuits when the inner mercury column extends in
response to an applied voltage closer to the pzc, driving fluid out of the inner capillary.
Thus, the application of a waveform that oscillates between the two extremes in applied
voltage induces a piston-like reciprocation of the inner mercury column. This reciprocation
can then be used for fluid delivery after incorporating check valves to realize one-directional
flow.

In the flow rate characterization, square waveforms were applied across the outer
mercury/electrolyte interface in a two-electrode configuration, i.e., the mercury electrode
and the platinum coil electrode inserted in the electrolyte contacting the outer mercury
column. Thus, a change in the magnitude and/or frequency of the applied voitage causes a
difference in the magnitude of mercury displacement, and therefore a difference in F.
Figure 4 shows the dependence of flow rate on the difference in the two limits in the applied
waveform for pump #2. The amplitude of the waveform, E, - E.or AE, was changed by
resetting the negative limit (E.) of the 1-Hz waveform after each measurement, while

maintaining the same positive limit (E, = -1.0 V). These voltages were chosen so E, was
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close to the pzc, while E. moved increasingly negative of the pzc. Note that, here the values
of E,and E.are usually shift by ~1 V negatively when compared with the values referenced
against Ag/AgCl, sat'd KCI.

As evident in Figure 4, applying a square waveform with lower negative limits results
in a higher F. For instance, when E.is -3.0 V (i.e., AE = +2 V), Fis about three times larger
than that observed when E.is -2.0 V (i.e., AE = +1 V). Usually, the observed flow rate
varies by 15% between replicated measurements using the same experimental setup. We
note that a E. lower than -3.5 V results in strong hydrogen evolution, which degrades the
reliability of flow characterizations.

Flow rate can also be manipulated by changing the frequency of the voltage
waveform. A set of these resuits obtained from pump #2 is shown in Figure 5 with the flow
characteristics presented as both the volume per actuation cycle (VPC) and the volume flow
rate (F). In these measurements, a square waveform with £, at-1.0 V and E. at -3.0 V was
used to induce mercury actuation. These voltage differences correspond approximately to
0.0V and -1.8 V vs. Ag/AgCI (sat'd KCI), respectively. The results are plotted as a function
of the frequency of the waveform. As evident, F initially increases as the frequency of the
waveform increases, reaches a maximum (~175 uL/min) at about 1 Hz, and then decreases
to nearly 10% of its maximum value at 20 Hz. There is no measurable flow above 20 Hz.
The value of VPC, on the other hand, exhibits a maximum (~12 uL) at lower frequencies,
starts to decrease above 0.1 Hz, and is immeasurable above 10 Hz.

We attribute the decay of VPC and the fall off of F at higher frequencies to the time
constant of the pump. When modeling the mercury pump as a simple RC circuit, a
nonlinear-least-square fit of the VPC dependence yields a overall time constant of ~2 s.
Two factors, the electrochemical time constant of the pump (i.e., the combined effect of

electrolyte resistance and interfacial capacitance) and the inertial time constants of the
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mercury column and the check valves, were considered as the main contributors to the
overall time constant. A voltage step experiment showed that the electrochemical time
constant of a mercury electrode of similar size was less than 0.2 s, leaving the inertial drag
of mercury column and/or check valves as the most likely contributors to the above
observations. Since the overall weight as well as the density of mercury (p = 13.6 g/cm®)
are much higher than those of the check valves (p = 2.7 g/cm®), we believe the decrease in
performance at higher frequencies arises mainly from the inertia in inducing physical
movement of mercury. In support of this conclusion, plots of F and VPC vs. the frequency
of the voltage waveform for experiments using pump #4, which has smaller-sized mercury
columns, have a maximum for F at 5 Hz, an increase in the actuation frequency yielding
detectable fluid flow up to 50 Hz, and a reduction in the overall time constantto 0.4 s. Since
this experiment used the same set of check valves, these findings demonstrate that the
inertial drag of mercury is a key factor in controlling the time response of the mercury
columns upon electrical stimulation. Importantly, a reduction in size may again improve the
pump performance.

(iii) Power consumption. An experiment was aiso performed to develop a
perspective on the power consumption of the pump. The initial peak current density after
stepping the applied voltage from -0.4 V to -1.8 V vs. Ag/AgCI (sat'd KCI) was almost 5
mA/cm?. Therefore, the highest current flow for pumps in described Table 2 was a few
milliamperes, a level that reflects the current required to charge the electrical double layer
formed by the contact between the mercury meniscus and the supporting electrolyte as the
applied potential is changed. This current level, coupled with the magnitude of the change
in applied voitage (2 V), translates to a peak power consumption of a few milliwatts. These
levels of voltage and power are in contrast to electrostatic pump actuation, which consumes

litttle power but typically requires high voltage,5 and to electromagnetic? or thermal
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actuation,34 which use low voltage but operate at high power. Intriguingly, the low voltage
and power consumption of our pump suggest that the small-sized power cells used in
devices like wrist watches and cameras can be adopted to operate this type of pumps. The
existence of a readily-available, small-sized power supplies will clearly facilitate the ongoing

efforts to reduce the size of the pump to a chip-scale format.

Conclusions

In this report, we have described the capabilities of an electrochemically-driven
mercury pump for fiuid flow and delivery. Changes in relative mercury height for pumps
having several different design parameters were studied, and the experimental results
showed good agreement with theoretical predictions. Flow rates up to a few hundred
microliters/min and fluid dispensing volumes as high as several tens of microliters per
actuation cycle were achieved in a capillary column using mercury pumps assisted by ball-
style check valves for controlling the fluid flow direction. Both the change in relative
mercury height and flow rate increased proportionally to the amplitude of the voltage
waveform. The low voltage requirement and power consumption of this pump may also
facilitate the eventual miniaturization of the fluidic system.
Encouraged by these preliminary results, experiments to enhance performance through
further optimization of the different functional elements of the pump and flow system to
meet the needs of chemical analysis systems are underway. Furthermore, we believe that
the potential environmental hazard of mercury can be minimized by the further reduction of

the pump size and therefore the amount of mercury required for effective actuation.
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Appendix

This section presents the mathematical derivation for the dependence of the change
in relative height, Ah (i.e., Equation 4), and the inner mercury column displacement, Ah;,
(i.e., Equation 5) on the radii of the concentrically-aligned inner capillary and outer reservoir.
The fundamental principle underlying the Young and Laplace equations serve as the
starting point of the derivation, which is based on the pressure balance inside the two
mercury columns as affected by surface tension and gravity. Specifically, the relative height
of the two mercury columns at equilibrium reflects the balance of the pressure at the inner
capillary (P,) and the outer reservoir (Po):

F.=F, (A)

Both pressures can be calculated using the forces that act on the mercury columns
divided by their meniscus areas (A). The force at the outside column (f.,) can be written as
the sum of the surface tensions (y..) at the inner wall of the outer reservoir and the outer
wall of the inner capillary:

fou =2(R, + R,)Y,, cOSO (B)
This force acts on the meniscus of the outer mercury column, the area of which can be

approximated as:
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A, =n(R}-R}) (C)
The expression for P, is then:

p = 2y, cos@

“ Rl'Rz

The total force acting within the inner column (f,) at the outer meniscus height can

D)

be given as:

fa =27R}y,, c0s0 + TR hpg (E)
where the first term in the equation defines the force related to the surface tension of the
inner mercury column (y;,), and the second term in the equation reflects the force due to the
relative height (h) of the two columns. This force is applied across the surface area of the
inner column (Ay):

A, =mR; (F)

The expression of P, is then written as:

P, = a2 . pgi @)

3
Collectively, the value of h can then be developed by equating Equations D and G and

rearranging to yield:

=280 N _Ya, (H)

Since the voltage is applied only across the outer mercury/electrolyte interface, the
Yo Changes by a value of Ay. This change resuits in a new height difference (h+4h)
between the inner and outer mercury columns, with Ah defined as the change in relative

height.
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A similar set of equations (I-L) can also be written based on the pressure balance

under the new equilibrium established by Ay, with parameters of importance given as

“primed” terms.
P, =P, (1)
P = 2(y,,, + Ay)cosO W)
Rl = R'.'
. 2y, cos@ '
F, =—"~——+ pg(h+ Ah) (K)
R3
h+Ah=2cos0(_y£+Ay_yi) L

Pg R-R, R
Combining Equations H and L, and solving for Ah, gives Equation 4.
The volume of fluid displaced by the pump in a single actuation step is directly

related to the displacement of the inner mercury column, Ah;,, which can be derived from Ah
through the physical dimensions of the pump. Since the total volume of the mercury inside
of the pump is fixed, an increase in the volume of mercury in the inner capillary (AVi,) must
equal the decrease in the volume of mercury in the outer reservoir (A V).

AV, =AV, (M)

Each of these volume changes can be expressed as the product of the height displacement

of the merdury column, and the surface area of the corresponding meniscus:
AV,, =n(R? - R}))Ah,, (N)
AV, =nR;Ah, (0)
The above two equations can then be combined through Equation M and rearranged to

show the relationship between Ah;, and Ahy:
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Ah =——R'2—R22Ah

in 2 out
R,

(P)

Recognizing next that Ah is the direct result of Ah;, and Ah,., we can write:

Ah=Ah, +Ah,, Q)

Finally, combining Equations P and Q, and solving for Ah;, in terms of Ah gives Equation 5.

M

@)

)

)

(5)

(6)
7
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Table 1. Theoretical assessment for performance figures of merit using a mercury pump
based on electrochemically-induced changes in surface tension.’

R r Ah AP F
(um) (cm) (psi) (ul/min)
500 0.3 0.06 5890

250 0.6 0.12 736
50 3 0.58 5.89
25 6 1.16 0.736
5 30 5.80 5.89x10°

2 values of Ah, AP, and F are based on a Ay of 100 dynes/cm, 6 of 0°, i, of 1 x 10° N-s-m?,
pof 13.6x10° kg/m®, g of 9.8 N/kg, and L of 10 cm.
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Table 2. The theoretical (theo.) and experimental (exp.) assessment of the pump
performance as a resuit of variation of inner capillary and outer reservoir dimensions, in
terms of Ah, AP,.and Ah;,.

Pump R, R: FR; HA-R: Ah(mm) ah,(mm) AP (psi)

# (mm) (mm) (mm) (mm) theo. exp’ exp. exp.
1 400 248 202 1.52 1.39 1.05 0.74 0.02
2 400 3.23 198 077 276 2.56 147 0.05
3 400 350 202 050 424 4.18 2.00 0.08
4 1.64 149 0.51 025 849 8.87 5.71 0.17

? values of the theoretical Ah are based on a Ay of 200 dyne/cm, 8 of 135°, p of 13.6x10°
kg/m®, and g of 9.8 N/kg.
® The Ah data obtained from repetitive measurements usually fell within 0.1 mm of the

presented values.
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Figure Captions

Figure 1. Proof-of-concept design for the mercury pump (not to scale). (A) Before
assembly. top: 2-D representation of the pump insert; bottom: 2-D representation of
the pump body. (B) After assembly. top: 3-D representation of the assembled
pump; bottom: 2-D representation of the assembled pump. See Experimental
section for details.

Figure 2. Photographs of the electrochemically-induced actuation of the two mercury
columns in pump #2. Captured at two different applied potentials: (A) ~1.4 V
negative of the pzc, (B) near the pzc. The supporting electrolyte was 0.5 M KCI.

Figure 3. A schematic representation of the fill and pump modes of the mercury-based
pump as a result of application of a voltage step across the mercury/electrolyte
interface. The arrows below the pump conceptualize the relative displacement of
the mercury in the inner and outer capillaries. By applying a voltage waveform, the
movement of the mercury column within the inner capillary mimics the actuation
process of a piston pump. Two check valves are incorporated in the representation
to realize uni-directional fluid flow.

Figure 4. The dependence of flow rate on the amplitude of the applied voitage waveform
for pump #2. The positive limit (E.) of the waveform was maintained at -1.0 V, while
the negative limit (E.) was changed in each measurement. The amplitude of the
square waveform (AE) is defined by the difference between the two voltage limits
(i.e., AE = E, - E). The frequency of the square waveform was 1 Hz, and the
supporting electrolyte was 0.5 M KCI.

Figure 5. The dependence of volume fiow rate (F, e) and volume per actuation cycle (VPC,

o) on the frequency of the applied voltage waveform measured using pump #2. The
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positive and negative limits of the waveform were held at -1.0 and -3.0 V,

respectively. The supporting electrolyte was 0.5 M KCI.
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CHAPTER 2. AN ELECTROCHEMICALLY-ACTUATED MERCURY
VALVE FOR FLOW RATE AND DIRECTION CONTROL: FROM
DESIGN AND CHARACTERIZATION TO APPLICATIONS IN FLOW
INJECTION ANALYSES

A manuscript in preparation for submission to Analytical Chemistry
Jing Ni,' Shelley J. Coldiron,’ Chuan-dJian Zhong, ' Marc D. Porter'
Abstract
An electrochemically-actuated mercury pump was reconfigured to function as a

valve for controlling both flow rate and flow direction. The valving mechanism relies on a
glass piston, placed on top of a mercury column, to open or block the flow passage. The
glass piston is actuated by the movement of the mercury column, based on
electrochemically-induced change in the surface tension to the mercury/electrolyte interface.
The position of the piston can therefore be controlled by applying different voltages to the
mercury electrode, which changes the surface tension of mercury, and therefore the relative
height of the mercury columns in the two arms of a U-shaped tube. The extent of the piston
displacement opens, closes, or partially opens the flow channel, altering fluid flow rate. We
present herein the usage of this concept for both fiow rate and direction control, and

demonstrate its application in flow injection analyses.

' Microanalytical Instrumentation Center, Ames Laboratory-USDOE, and Department of
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2 Current address: Department of Chemistry, State University of New York at Binghamton,
Binghamton, NY 13902
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Introduction

The earliest work on a miniature chemical analysis instrument was reported by Terry
et al. in 1979 as a chip-scale gas chromatograph.! Since then, the development of
miniaturized total analysis systems (uTAS) has drawn a great deal of attention from
researchers in a wide range of disciplines. Since the behavior of fluids in microfabricated
channels (i.e., microfluidics) can be much different from that in more conventional-sized
devices, microtechnology offers some unique advantages for chemical analysis extending
beyond miniaturization of already existing systems. One of the most important advantages
is the possibility for a high degree of integration of miniaturized device components, which
allows the development of high-throughput applications. Other advantages include the
reduction in sample and expensive reagent consumption, in waste generation, and in
analysis time. These attributes are particularly beneficial in the chemical and medical
analysis fields.2

In order to realize automated miniaturized chemical analyses, the development and
integration of all functional hardware components for sample handling, treatment, and
detection are necessary. The microvalve is one type of important component in a fluid flow-
based analytical system that helps to realize controlled fluid delivery. They can be classified
in two categories: active microviaves (with an actuator) and passive microvalves (without an
actuator). Microvalves may be part of a micropump and function as check valves, or work
independently to control or change flow direction and flow rate.

Active microvalves are generally used for controlling flow rate and for sample
injection. They rely on actuators to open or close the opening to or in a flow channel. The
characteristics of this type of device depends strongly on the actuation mechanism.
Although almost all the microactuator types have been used to fabricate microvalves for gas

flow control,3 only a few active microvalves have been developed for successfully controlling
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liquid flow. Piezoelectric stacks and bimoph-based microactuators are among the few types
of actuators that have been successfully exploited to build liquid flow control valves and
used for sample injection purposes.4 5 Microvlaves based on shape-memory alloys have
been developed and used for blood flow rate control,8 and microvalves driven by
thermopheumatic actuators or pH sensitive hydrogels have also been fabricated.?. 8

Passive microvalves are mainly used as check valves and attached to each side of a
micropump. Several types of operational schemes have appeared, relying, for example, on
a silicon cantilever,? a suspended polysilicon disk, 9 and a molded silicone rubber float.!!
Key performance parameters for this type of valves include the response time (i.e., the
transition time during open-to-close or close-to-open operations), the on-to-off (for injection
valve) and forward-to-reverse (for check valve) flow rate ratio, and the pressure tolerance.
Electrical requirements, including power, voltage and current, fabrication process
complexity, cost, and lifetime are also important application issues.

This paper describes the design and testing of a novel type of active vaive which is
based on electrochemically-induced surface tension changes. Actuation of the valve relies
on the electrocapillarity of mercury, which is usually illustrated by a group of electrocapillary
curves (i.e., plots of the change in the surface tension as a function of applied potential and
electrolyte composition).12 These curves generally have parabolic shapes with the maxima
in surface tension defined as the potential of zero charge (pzc). Applying potentials more
positive or more negative than the pzc causes a decrease in surface tension. Depending on
how the mercury is confined in a system, the surface tension change can induce either a
shape change of a mercury drop or a mechanical actuation of a mercury column. The
shape changes of the mercury are the basis of the well-known mercury beating heart
laboratory demonstrations, '3 and optical and electrical switches.14. 15 The mechanical

actuation of a mercury column, on the other hand, was only theorized by Matsumoto et al. in
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a micropump format'6, and recently harnessed by Lee et al. as a micromachined mercury
motor.17 In our previous report, we presented the first utility of this actuation principle to
drive fluids continuously through glass capillaries by confining mercury within two
concentrically-aligned tubes.'8 The fluidic pumping was realized from the repetitive piston-
like actuation of a mercury column that resulted from the application of a square waveform
across the mercury/electrolyte interface.

In this report, the mercury pump concept is extended for use in a valving format.
The same type of electrochemically-induced surface tension change was exploited as the
basis for the valve actuation. The function of the valve is demonstrated either as flow rate
control valves or as check valves. Several of the parameters for evaluating the
performance of a microvalive, including response time, the on-to-off flow rate ratio and
pressure tolerance for operation are examined. The mercury-based pump and valves were
also integrated into a flow injection analysis (FIA) system to demonstrate applicability to

fluidic control and delivery.

Experimental

Chemicals. Mercury (ACS certified) was purchased from Fisher (Caution:
hazardous vapor), and subsequently cleaned by three passes through freshly pierced filter
paper . Potassium chloride (99+%) and hydrofluoric acid (49%) were also acquired from
Fisher. Platinum wires (0.2 mm diameter), lron(lil) chloride (97%) and sodium thiocyanate
(98%) were obtained from Aldrich.

Mercury valve. The design of the mercury activated valve is depicted in Figure 1.
The design uses an U-shaped glass tube that is filled with mercury. The glass tube, open
on both sides, has an inner radius of 0.92 mm and a total length about 10 cm. It was

constructed such that one arm is slightly higher than the other. A platinum wire was sealed
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through the bottom of the “U” to make electrical contact with the mercury pool. A second
platinum wire was used as counter electrode in the higher arm of the U-shaped tube.

The lower arm was connected to the flow channel through a Plexiglas adaptor. The
adaptor has a vertical hole with an inner diameter that equals the inner diameter of the U-
shaped glass tube. Near the bottom of the adaptor, this vertical hole was enlarged to the
size of the cuter diameter of the U-tube to facilitate its coupling with the tube. A horizontal
(inner radius of 0.42 mm) channel was also drilled near the top of the adaptor, which
connected to the vertical hole in a T-shaped geometry. The horizontal channel therefore
serves to connect the valving element to the flow channel, whereas the vertical hole
provides access for insertion of the glass piston on top of the mercury column. The adapter
was sealed to the top of the lower arm of the U-tube, and glass capillaries (inner radius of
0.42 mm) were then connected to both sides of the adaptor.

The glass pistons were fabricated by etching a glass rod in 25% HF to a radius of
0.88 mm, which were then cut to a length of 2 mm. The radius of the piston is only slightly
smaller than the internal radius of the vertical hole of the adaptor, insuring both smooth
vertical movement of the piston in the adaptor, and providing the necessary seal against the
two orifices that connect the vertical hole to the flbw channel. The weight of the piston is
0.12g.

In assembling the valve, freshly cleaned mercury was first pipetted into the U-
shaped tube. The glass piston was then placed on top of the mercury column in the lower
arm through the top of the vertical hole in the adaptor. In the higher arm, aqueous
electrolytic solution (0.1 M KCI) was introduced on top of the mercury column, forming a
mercury/electrolyte interface. Next, the platinum counter electrode was immersed in the
electrolyte, which completed the electrical circuit for controlling the surface tension through

changes in applied voltage. After sealing the top of the vertical hole with a small piece of
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adhesive Teflon tape, the fluidic channels were primed by applying a pressure carefully to
the solution inlet with a syringe. Once the flow channel and the space above the glass
piston were filled with solution, the position of the piston was adjusted by adding or
removing mercury from the higher arm of the U-tube until the piston fully blocked the fiow
channel at the open circuit potential.

Fiow rate determinations. To test the performance of the valve for fluidic control,
one end of the flow channel was connected to a solution reservoir filled with deionized
Water. The other end of the channel was then positioned over a collection reservoir that
was placed on an analytical balance (Ohaus E400). The flow rate was determined by
weighing the water added to the collection reservoir per unit time, and then converting the
weight to volume based on the density of water.

To test the valve as an element for controlling flow rate, the water level on the inlet
side of the channel was positioned higher than the level at the outlet. The resulting height
difference induces fluid flow hydrodynamically. A Ag/AgCl (sat'd KCl) reference electrode
was added to the system and also immersed in the electrolyte solution. It was incorporated
to control precisely the applied voltage across the mercury/electrolyte interface using a
potentiostat (Bioanalytical Systems CV-27) in a three-electrode configuration. Flow rates
were determined at several different applied voltages under the same gravity feed condition.

The check valve function was demonstrated by connecting three of our U-shaped
mercury columns in series. Square waveforms at same frequency and with same positive (-
1 V) and negative (-3 V) limits were applied to each of the mercury columns in a two-
electrode configuration. The three applied waveforms were offset with respect to each
other by a preselected phase, and supplied from the outputs of an in-house buiit function
generator.19 Flow rates were measured in the same way as described above, except that

the height of the solution inlet and outlet were kept the same in order to avoid gravity-
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induced flow. Flow rates under different conditions, including different frequencies and
phase shifts, were compared.

Flow injection anaiysis. The mercury-based pump, injection valve, and the flow
cell for optical detection were assembled through flow channels (inner radii of 0.42 mm)
connected together with heat-shrinkable tubing. The schematic representation of the
integrated FIA assembly is shown in Figure 2. The pump/check valve unit was supplied with
three square waveforms, each at a 90° phase shift with respect to the other. All the
waveforms have a frequency of 1 Hz, with one voitage limit at ~1 V and the other at -3 V.
These conditions resuited a flow rate of 215 mL/min in a 30-cm long flow channel. Gravity-
induced flow was not used for fluid delivery in the FIA setup.

The fiow rate control valve was also employed for sample injection. A voitage pulse
of -2 V vs. Ag/AgCI (sat'd KCI) opens the injection valve, and different amounts of the FeCl,
(1.0 mM) sample was pumped into the flow channel by altering duration of the voltage
pulse. A solution of NaSCN (0.10 M) was used as running buffer, and it forms a FeSCN**
compiex that has an absorbance maximum at 474 nm.20 Detection was accomplished
using a 1-cm path length flow cell (1-mm diameter), housed in a UV-Vis spectrometer (HP
8453), with the absorbance recorded every 5 s using the kinetic mode of the HP Chem

Station software.

Resuits and Discussion
Concept. The following sections describe the design and testing of a novel type of
active valve. The valving element is a glass piston actuated by an underlying mercury
column, i.e., the mercury actuator. Actuation is based on the same fundamental
mechanism that we exploited recently in the design of a mercury-based pump: the

electrochemically-induced surface tension change at mercury/electrolyte interface.8



62

However, the geometry of the mercury actuator for valving is changed from two
concentrically aligned mercury columns, which was used in the pump, to a single U-shaped
column. The remainder of this section briefly describes the actuation concept.

At the open circuit potential, the heights of the mercury columns in the two arms of
the U-shaped tube are the same, as shown on the left-hand side of Figure 1. Upon
applying a voltage that decreases the surface tension of mercury in the right arm of the
tube, the U-shaped mercury column shifts from left arm to right arm until a new equilibrium
is reached. As shown on the right-hand side of Figure 1, this shift lowers the piston in the
left arm of the tube, while the mercury in the right arm is elevated. This change in relative

height (4h), and hence pressure (4P) are given by the formulations of Young and Laplace in

Equations 1 and 2:21

Ah = 2RA7ycose )
g
AP = pgAh ()

where Ayis the electrochemically-induced change in the surface tension of mercury in the
right arm, R is the internal radius of the U-shaped tube, p is the density of mercury, gis the
gravitational acceleration, and 6 is the contact angle of the mercury at the mercury-tube wall
interface. These equations describe the equilibrium relationship between interfacial and
gravitational forces, which establish the relative heights of the two mercury meniscuses in
each arm of the tube.

The U-shaped design offers several advantages over our earlier construction using
concentrically-aligned mercury columns, especially when adapted for building a mercury-
based valving system. As depicted in Figure 1, the initial piston position in the lower arm of

the U-tube is very critical and has to be high enough to block fully the flow channel when the
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applied voltage is near the pzc. The U-shaped tube design facilitates adjustment of the
piston position by adding or removing mercury from the other arm of the tube; since the arm
on the right side of the tube is not directly connected to the flow channel, no disassembling
or re-priming is required. We also found that filling a small cavity with mercury in our earlier
design could be complicated because of the high surface tension of mercury. The new
design solves the filling difficuity by allowing mercury to be drawn into the U-shaped tube by
applying carefully a vacuum to one end. Since only one tube is used, no alignment of the
cylinders is required, an attribute which also makes the new design more readily adaptable
for miniaturization. The following sections present the results of using our electrochemically
actuated valves for controlling flow rate, achieving one-directional flow, and injecting
samples in a FIA demonstration.

Flow rate control valve. According to Equation 1, a change in surface tension (4y)
leads to a difference in the height (Ah) of the mercury column, which in turn alters the
position of the piston. Therefore, the extent of piston displacement, which can be adjusted
by varying the mercury surface tension through changes in applied voitage, can be used to
open, close, or partially open a flow channel, and therefore alter the fluid flow rate.

Figure 3 demonstrates this concept. The data connected by the solid lines represent
the results of two separate sets of measurements using the same valve unit. In both cases,
the valve shuts off the flow when the applied voltage is positive of 0.8 V (i.e., the threshold
voltage, V). At and above the Vu, the piston completely blocks the flow channel. In
contrast, when the applied voltage is negative of -1.8 V (i.e., the saturation voitage, V),
the piston descends to a height where the flow channel is fully open, resuiting in the
maximum observed flow rate. Between Vy, and V,, the piston partially blocks the channel,
with the flow rate controlled by adjusting electrochemically the height of the mercury column

and hence the extent in which the piston protrudes into the channel.
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The dashed line in Figure 3 shows the same experiment using a second U-tube and
piston assembly. This valve opens and closes at different applied voltages. Indeed, both
the Vi, and the Vs, for this valve are shifted negatively by ~0.3 V from those for the first
valve. We attribute this offset to a subtle difference in the initial position of the piston
relative to the openings in the top and bottom of the flow channel. In other words, the piston
in this valve probably protruded further into the opening at the top of the flow channel, and
therefore a more negative voltage needed to be applied in order to allow the piston to drop
to a height low enough to open fully the flow channel. Between Vi and Vg, which also
covers a range of ~1 V, the flow rate increases with the magnitude of the applied voltage in
the same manner as observed previously.

An interesting result is obtained when calculating the theoretical height change of
the piston for this 1 V window. Based on the electrocapillary curve of mercury in 0.1 M
KCl,22 this voltage window causes a surface tension change of ~150 dynes/cm. Usinga R
of 0.92 mm, p of 13.6 g/cm®, g of 9.8 N/Kg, 6 of 135°, and Ay of 150 dynes/cm gives via
Equation 1 a Ah of 1.72 mm. This Ah translates to an increase of 0.86 mm in height of the
mercury column on the side of the U-shaped tube where the voltage is applied, and a
decrease of 0.86 mm for the column and piston in the arm connected to the flow channel.
We note that the i. d. of the flow channel is 0.84 mm, which is the minimum distance
required for the piston to move from a position where the channel is fully open to one in
which the channel is completely blocked. Thus, the calculated piston displacement that
results from the 1-V change in applied voltage is very close to the minimum travel needed to
fully open or fully close the valve.

Switching the applied voltage between a value equal to or slightly positive of the
threshold voitage (Vo 2 Vin), and a value equal to or slightly negative than the saturation

voltage (Von < Vsaat), the flow rate control vaive can also function as a sample injector. At Vg,



65

the flow channel connected to the sample reservoir is blocked by the piston, and no sample
can move into the flow stream. The sample solution can be delivered into the flow system
by changing the applied voltage to V., which causes the piston to descend and in effect
open the injection valve. Once the desired amount of sample is delivered, the applied
voltage is switched back to Vo, and the injection is complete.

Two important characteristics for a sample injection valve were studied: the on-to-off
flow rate ratio and the pressure tolerance level. The on-to-off flow rate ratio is diagnostic of
the leakage of the valve, noting that the higher this ratio, the better the performance. The
pressure tolerance level defines the pressure range under which the valve opens and
closes correctly; the wider this range, the greater the applicability of the valve. Figure 4
shows the flow rates measured at -0.5 V (Vo) and —2.0 (Von) under different pressures. The
pressure was increased by increasing the height of the solution inlet while maintaining a
constant height for the outlet. The on flow rate (open circles) increases linearly with the
inlet pressure, and is consistent with the expectation based on the Poiseuille’s equation.23
The off flow rate (closed circles) shows that no fluid flow is observed until the pressure
becomes greater than ~250 Pa.

The non-detectable leakage of the valve at low pressures suggests an effective
fitting of the piston and the vertical hole in the adapter. Thus, the piston function reliably as
a valve in this pressure range. The increased fluid flow above 250 Pa defines the upper
limit for the pressure tolerance of this valve, which is fundamentally determined by the
nature of the mercury actuator. Based on the voltage change (i.e., from -0.5Vto -2.0V
vs. 'Ag!AgCI, sat'd KCl) and the established electrocapillary curve for measuring in 0.1 M
KCl,22 Equations 1 and 2 predict a AP of ~300 Pa. This AP suggests the pressure that can
be utilized for moving the piston, and it matches reasonably well with the experimentally

determined upper limit of the pressure tolerance for this valve. Equations 1 and 2 also



66

suggest that using a U-shape tube with a smaller A can generate a higher pressure from
the actuator, and therefore increase the pressure tolerance of the valve and enhance the
valve performance.

Check valve. Flow direction control can be achieved by positioning a mercury-
actuated valve on each side of a mercury-actuated pump. The relative movements of the
mercury columns in the two valves and in the pump are determined by the phase of the
waveform applied to each mercury column. Figure 5, which shows three mercury columns
connected to the flow channel in series, presents the concept. The middle column, which is
shown as having a larger radius than the surrounding columns, functions as the pump. The
columns on each side of the pump then serve as active check valves. Thus, by judicious
selection of the phase for a voltage waveform applied to each column, one-directional fluid
flow can be realized. The square waveforms applied to each mercury column are shown at
the top of this figure. At one limit in the waveform, Vq, the applied voltage causes the
mercury to ascend and biock the flow channel (e.g., Von = pzc). At the other limit, Vo, the
applied voltage causes the mercury to descend and open the flow channel (e.g., Vo < pzc).
All three of these waveforms are set at same frequency and having the same voltage limits,
but with different phases. The illustration in Figure 5 shows that the phase of the waveform
applied to the middie column is 90° behind that applied to mercury column on the right, but
90° ahead of that applied to the mercury column on the left.

Figures 5A-D illustrate the position of each piston and the track of the fluid flow at
every quarter of the full period of the waveform. Initially, all of the pistons are fully extended
into the flow channel. As the cycle begins (Figure 5A), the valve on the right is supplied with
a voltage that causes it to open. Due to the phase shift of the three waveforms, the pump
and the vaive on the left side remain closed. During the second quarter of the period

(Figure 5B), the volitage applied to the pump is switched to a value that causes the mercury
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column and hence the piston to descend. At this point in the cycle, the pump draws liquid
only from the right-hand side of the flow channel, as determined by the status of the two
valves. In the third quarter (Figure 5C), the valve on the left-hand side opens at the same
time as valve on the right-hand side valve closes. This step sets the flow direction for the
final quarter of the period. In the last quarter of the period (Figure 5D), the voltages applied
to the two valves are held the same as those in the third quarter, while that applied to the
mercury pump is switched to Vq,. This process causes the mercury pump to extend,
pushing the liquid to the left through the flow channel. The second full period then starts
again, and the ensuing peristaltic motion of the three mercury columns results a continuous
unidirectional flow of fiuid from right to left. The valve on the left therefore functions as an
outlet check valve, while the valve on the right functions as an inlet check vaive.

Table 1 summarizes the flow rate data measured at different actuation frequencies.
As is evident, flow rate increases with frequency until ~4 Hz, where the flow rate then starts
to decrease. This observation is consistent with our previous findings using a single
mercury pump.'® That is, the decrease in flow rate is a result of the inertial time constant of
the system in which the movement of the mercury and piston can not fully track the
electrical stimulation at high frequencies. We have demonstrated with the single pump that
this time constant can be reduced by decreasing the radius of the mercury column, which
expanded the actuation frequency to a higher upper limit, yielding a higher flow rate.

Table 2 lists the flow rates measured when the three mercury columns were
actuated at different phase shifts. A higher flow rate is indicative of a more efficient
peristaltic motion and/or a higher check valve efficiency (i.e., higher forward-to-reverse flow
rate ratio). Ata 180° phase shift, no net flow rate was detected as the solution being moved
only between the mercury pump and the valves on each side. More importantly, when

increasing the phase shift from 180° to 360°, the net fluid flow moves in the opposite
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direction of that for phase difference of 0-180°, demonstrating the flow direction can be
reversed simply by changing the phase shift of the waveforms. For example, applying
waveforms with 270° phase shift in stead of 90° phase shift, alters the net flow from the
right-to-left to the left-to-right at almost the same flow rate. Thus, the valve on the right
becomes an outlet check valve, while the valve on the left becomes an inlet check vaive.
Compared to conventional approaches for flow direction control, which usually require the
reconstruction or rearrangement of the two check valves, this approach makes directional
control much easier.

Integrated flow injection analysis. The mercury pump, check valves, and sample
injector were integrated together to demonstrate their utility in a miniaturized FIA system.
Figure 2 is a schematic diagram of our single-line FIA manifold. The pump/check valve unit
induces and regulates fluid flow in the direction shown by the arrows. When the injection
valve is closed, only the carrier solution flows through the channel. The sample solution is
then injected by application of a negative voitage pulse to the mercury column in the
injection vailve; this lowers the piston, opens the valve, and the sample solution is then
pumped into the flow stream together with the carrier. Mixing is accomplished by the
diffusion of the sample zone in the carrier stream, and the reaction product is detected
optically at the end of the flow channel.

Figure 6 shows a set of experimental results collected from this single-line setup. An
aqueous solution of 0.10 M NaSCN was used as carrier, and different amounts of a 1.0 mM
FeCl, solution were injected into the carrier stream by opening the injection valve for
different periods of time. As expected, the absorbance of the formed FeSCN?* complex
increases with the injection time, and therefore with the amount of the injected Fe*.20 The
insert further demonstrates the linear relationship between the absorbance and the injection

time, with a regression coefficient (°) of 0.99. The linear regression curve, shown as the
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solid line in the insert, however, does not pass the origin, intercepting the absorbance-axis
at 0.09 A. U. Wae attribute this non-ideality to the approximation of injection volume by using
the injection time. In addition to the amount of sample that flows into channel during an
injection, sample is also injected during the closing of the valve because of the volume
displacement of the elevated piston. This situation makes the total analyzed sample greater
than what is represented by the injection time, resulting in the non-zero response at zero
injection time. The dead volume of the injection valve, which can cause the tailing of the
observed absorbance peaks, is determined by the distance between the piston and the T-
junction where the sample and the carrier meet. Therefore, shortening this distance should
reduce the dead volume of the injection valve. Finally, the similar absorbances (0.1129 and
0.1273, respectively) of the first two peaks in Figure 6, which are the results from two
repetitive 5-s injections, indicate the reproducibility of the overall process.

Other types of FIA experiments have been examined using this setup. For example,
we have conducted an acid-base titration by using the absorbance signal collected upon
injecting different volumes of a NaOH solution into a HCl/methyl red carrier stream. A FIA
of cerium(lV) sample was also demonstrated based on a redox reaction between cerium(lV)
and ferrocyanide, which was present in the carrier solution. Taken together, these resuits
provide a strong foundation for the continued development of this novel mercury-based

system for fluid delivery.

Conclusions
In this report, we have constructed and examined the performance of
electrochemically-actuated mercury valves for controlling flow rate and flow direction. The
applicability of these valves was demonstrated as sample injection valves and check valves

in a single-line flow injection analysis setup. Valving is realized by using an
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electrochemically-actuated mercury column to lift a glass piston (~0.12 g) by a distance of
1-2 mm into a flow channel and block fluid flow. The performance of the valve, in terms of
pressure tolerance, response time, and electrical requirements therefore are mainly
determined by the mercury actuator. The voltage required for operating such a valve is
about 2 V, the current is a few milliamps, and the power consumption is therefore in the
milliwatt range. These electrical requirements will facilitate the planned miniaturization. In
addition, the U-shape mercury column design requires no alignment and is easy to
assemble, which simplifies the fabrication process. To meet the needs of the chemical
analysis, experiments to enhance the valve performance and further integrate the fluidic

delivery system with improved reliability are underway.
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Table 1. Net flow rate obtained from the pump/check valve assembly, measured at
different frequencies. The voltage waveforms are at a 90° phase shift, with the Vo and V,,
at -1 and -3 V, respectively.

f F
(H2) (ul/min)*
0.5 125

1 225

2 314

3 384

4 443

5 303

7 164

10 Not measurable

? The uncertainty of the flow rate measurements is about +5%.
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Table 2. Net flow rate obtained from the pump/check valve assembly, measured at
different phase shifts. The square voltage waveforms are at 1 Hz, with the Vs and V,, at -
1 and -3 V, respectively.

Phase shift F

) (u/min)*
30 274

60 274

90 213

120 169

150 137

180 Not measurable

! The uncertainty of the flow rate measurements is about +5%.
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Figure Captions

Figure 1. A schematic representation of the close and open modes of the mercury-based
valve as a result of application of a voitage step across the mercury/electrolyte
interface. Mercury (shown in black) fills both arms of the U-shaped tube. The
electrolyte solution (shown in blue) is introduced to top of the mercury in the higher
arm while a glass piston (shown in green) is placed on top of the mercury in the
lower arm. A flow channel connects with the lower arm in a “T” arrangement. Two
platinum wires (shown in purple), one making contacted with mercury and the other
as counter electrode and immersed in the electrolyte, are also incorporated.

Figure 2. A schematic diagram that depicts the single-line flow injection analysis setup.
The key components of this setup includes a mercury pump/check valve assembly,
an injection valve, a flow channel, and a detector. See text for details. '

Figure 3. Control of flow rate of water by electrochemically-changing the piston position in
the flow channel. Solution flow is induced by raising the water level at the inlet
channel 2.5 cm higher than that of the outlet. This height difference corresponds to
a pressure difference 247 Pa. Two of the three sets of resuits (A, ¥) were obtained
using the same valve assembly, whereas the third set of the resuits (e) represents
data from a different U-tube and piston assembly.

Figure 4. On and Off flow rates as a function of the fluid pressure. The open circles are
the flow rates measured when the valve is open, which results from applying -2.0 V
(vs. Ag/AgCl, sat'd KCI) to the mercury column. The closed circles represent the
flow rates measured when the valve is closed by changing the applied voltage to -
0.5 V. The pressure was increased by increasing the height of the solution inlet
while keeping the outlet height the same. The error bar shows the standard

deviation from three different flow rate measurements.
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Figure 5. A schematic illustration of using two active mercury-based check valves to realize
unidirectional flow. The three waveforms applied to the mercury columns are shown
at the top, and the vertical dashed lines divide the full period of a waveform into four
quarters. Vo, represents the limit of the waveform that causes the valve to open,
and Vq is the limit of the waveform that causes the valve to close. The three
waveforms are offset by 90° from right to left. The position of each piston and the
track of the flow at each quarter of the period are given from A-D. Only the lower
arms and the “T" sections of three U-shape mercury columns are represented (in
gray). The glass pistons are shown in green, and the solution is shown in red. A net
flow from right to left is achieved with this actuation scheme.

Figure 6. The flow injection results obtained using the single-line setup. The plot shows
the absorbance response after injecting different amounts of 1.0 mM FeCl; sample
into a 0.10 M NaSCN flow stream (flow rate = 215 mL/min). The absorbance at 474
nm was recorded at 5-s intervals. The insert shows the linear relationship between

the absorbance and the sample injection time.
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CHAPTER 3. DESIGN, FABRICATION AND TESTING OF
MICROCOLUMNS FOR MINIATURIZED LIQUID
CHROMATOGRAPHY

Abstract

This paper describes the design, fabrication, and testing of chip-scale columns for
incorporation in miniaturized liquid chromatographic instruments. This approach exploited
standard microfabrication techniques to build microchannels and electrodes on planar glass
substrates. Separations of two fluorescent dyes were demonstrated using these
microfabricated channels based on either an open-tubular liquid chromatography (OTLC)
format or an electrochemically-modulated liquid chromatography (EMLC) format. Both
surface modification and applied potential were demonstrated that can affect the separation.

The potential application of such columns in a microfiuidic array is also briefly discussed.

Introduction

Research in many areas of chemical and biological analyses has been moving
rapidly towards the development and use of miniaturized instrumentations.!4 Microfluidic
devices represent one type of these so-called “lab-on-a-chip” systems in which sample
handling and processing are conducted via microchannel networks. The ultimate goal of
these efforts is to use such systems in realizing a reduction in sample and reagent
consumption, in analysis time, and an enhancement in the collection of data when
characterizing a large number of samples.3: 5. 8

In order to realize automatic chemical analysis, the development and integration of
the individual components for a microfiuidic device are necessary.” Figure 1 shows a basic

flow-based analytical system consisting of microfabricated flow channels or columns,
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miniaturized detectors, and flow delivery and control units such as micropumps and
microvalves.

Microfluidic channels are generally utilized for sample separation and sample
processing on a chip. They have been fabricated in many types of materials, ranging from
silicon8. 9 and glass10 to a variety of polymers.1! Silicon and glass machining techniques
have been adopted mainly from the integrated circuits (IC) industry. Indeed, the first
commercial microfluidic-based lab-on-a-chip device, i.e., the HP 2100 Bioanalyzer, was built
on a glass substrate to perform DNA analysis. Recently, more attention has been given to
polymeric substrates.2-15 Since polymers differ from one another in their mechanical
properties, optical characteristics, temperature stability, and chemical re;istiviw, itis
generally believed that there is a suitable polymer material for nearly every application.

In the past two decades, scientists have focused on miniaturizing the analytical
systems that are the workhorses in modern analytical laboratories. In 1979, researchers at
Stanford University fabricated a gas chromatographic air analyzer, the first chip-scale
analytical device fabricated on a silicon wafer.16 Several miniaturized flow injection analysis
(FIA) systems have also been integrated onto a planar plastic substrate.17. 18

Among the miniaturized analytical devices, capillary electrophoresis (CE) chips!9-22
have been most explored, with examples including DNA sequencing?3. 24 and
immunoassays.25-27 The focus on CE stems on the ease in which the hardware for fluidic
control and delivery can be miniaturized. However, relying on electrokinetic pumping in
fluidics limits the range of sample types that can be addressed by CE-based devices. For
example, electrokinteic pum;;ing is very sensitive to fluidic properties such ionic strength,
pH, and the amount of organic materials in the sample and running buffer. It is therefore
difficult to rely on this mechanism to deliver biological fluids such as blood and urine, whose

high ionic strength leads to excessive Joule heating in the flow channel. Joule heating aiso
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limits the flow rate and dimensions of the channel. Another challenge is the difficulty in
matching the voltage at every channel junction, which is required to control flow direction
and to avoid band broadening. Finally, since high voltages are applied to the running
bt-xffer. bubbles are sometimes generated due to hydrolysis, causing discontinued electric
field and interrupting fluid flow.

Considering the limitations of a CE-based device, several reports exploring the
design and construction of pressure-driven chip-scale liquid chromatographs (LC) have
appeared.28. 29 Although individual components, such as micron-sized pumps, valves, flow
channels, and detectors have been developed in many implementations,30-34 integration of
these components to meet the requirements for performing chemical analysis remains a
major obstacle. These requirements include the ability to delivery liquid precisely at very
low flow rates, to inject and detect sample components in extremely small volumes, and to
obtain high separation efficiencies.

Recently, we have reported on our efforts towards constructing fluidic delivery
systems based on electrochemically-induced change in surface tension.35 In this paper, we
present the results of our efforts to fabricate microfluidic channels and to use them in test
separations. The potential application of these devices in an array format to perform

miniaturized combinatorial liquid chromatography analyses will also be discussed.

Experimental
Chemical reagents. Two fluorescent dyes, fluorescein, sodium salt (Aldrich) and
rhodamine B (Aldrich) were used as analytes to demonstrate separations in microfluidic
channels. Mixtures of the two dyes were prepared in deionized water, each at a
concentration of 5 ppm. The mobile phase was made of 0.01 M sodium tetraborate

decahydrate (Fisher) in 2-propanol/water mixture (V/V:15/2). In the chip-scale EMLC
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experiments, sodium perchlorate (Fisher) was added as an electrolyte to the mobile phase
at a concentration of 0.10 M. Ethanolic solutions of 10 mM 1-octanethiol (Aldrich) or 11-
mercapto-1-undecanol (Aldrich) were used to create hydrophobic or hydrophilic stationary
phases by coating as a monolayer on the inner wall of the flow channel. Potassium
terrocyanide (K4Fe(CN)s, Fisher) and ferricyanide (KsFe(CN)e, Fisher) were used as the
redox couple to test the electrochemical characteristics of the EMLC chip, both were
dissolved at a concentration of 50 uM in 0.10 M H.SO, (Fisher) as a mixture.

Positive photoresist AZ5214 and its developer AZ 312 MIF were gifts from Clariant
Corporation. The adhesion promoter 1,1,1,3,3,3-hexamethyl-disililazane (HMDS, 99.9%)
was obtained from Aldrich. Buffered oxide etchant was prepared by mixing 28 mL
hydrofluoric acid (50%, Fisher), with 113 g of ammonium fluoride (Fisher) in 170 mL of
deionized water. Chromium etchant was made with 10 mL of hydrochloric acid (37%,
Fisher) and 10 mL of glycerine (Aldrich). Gold etchant was a mixture of 4 g of potassium
iodide (Fisher) with 1 g of iodine (Aldrich) in 40 mL of deionized water.

Lithographic mask generation. The lithographic mask used for optically
transferring patterns onto photoresist was made on a photonegative. The mask generation
process starts with designing the pattern on computer and then printing it onto bright-white
paper using a conventional laser jet printer at 1200 dpi. The size of this paﬁem is usually
four-times that of the desired size and with reserved black-and-white contrast. The drawing
is then photographically reduced to the desired size, and reproduced on high contrast black-
and-white film. Finally, the film is developed, and the photonegative is used as the mask in
the lithography step of the chip fabrication process.

Chip design and fabrication. Wet chemical etching, fusion bonding, and physical
vapor deposition techniques were used to fabricate microfluidic channels on the glass chip.

Different chip configurations was designed to accomplish different types of separations.
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(i) OTLC columns-on-chip. The OTLC columns using the native glass surface as
stationary phase were fabricated via the micromachining processes shown in Figure 2. The
1x3 in glass slide (Fisher) was first cleaned in Pirahna solution (Caution: strong acid and
oxidant) and then baked at 120°C for 2 h to dehydrate the surface. The slide was coated
with adhesion promoter and photoresist via spin-coating at 4000 rpm. It was further baked
at 90°C for 30 min. Next, the photonegative mask was placed on top of the photoresist, and
the pattern was transferred from the mask to the photoresist with a UV exposure (275 W Hg
lamp) of 365 nm for 90 sec. The photoresist was then developed in a solution of AZ 312
MIF.

Once the pattern was transferred, the photoresist was baked again at 120°C for 30
min. After that, thin layers of chromium (15 nm) and then gold (300 nm) were evaporated
on the patterned-photoresist by resistive evaporation at a pressure <1.3 X 10 Pa. Aftera
short sonication in acetone, the photoresist layer and the adherent metal Iay'er were lifted off
the glass slide, which transferred a reversed pattern of the photoresist onto the metal layer.
The patterned metal layer now serves as the etching mask, which protects the underneath
glass substrate from reacting with the buffered oxide etchant. The unprotected regions,
therefore, were etched, forming a trench on the substrate. The etching rate was ~0.3
um/min with the duration of the etch time determining the channel depth. After reaching the
desired depth of the trench, the gold and chromium layers were stripped off using their
corresponding etchant, and the slide was cleaned in Pirahna solution. The profile of the
trenched flow channel was then characterized using a DEKTEK profilometer. Finally, a flat
piece of a glass slide was bonded to the top of the patterned slide at 650°C. This
fabrication process provides the flexibility to design flow channels of varied width, depth,

and length.
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The OTLC column with chemically modified stationary phase was constructed from
flow channels defined by double-sided Scotch™ tape. First, thin layers of chromium and
gold were deposited on a bare glass slide using the same resistive evaporation method.
The gold slides were then modified by the self-assembly of either 1-octanethiol or 11-
mercapto-1-undecanol by immersion in the 10 mM ethanolic solutions. The modified slides
were next rinsed_with ethanol and dried under a stream of nitrogen. Three separated
sections of Scotch tape were then fixed on the slide, defining two flow channels on the gold
surface along the 3 inch length of the slides. The top of the channels were sealed with a
bare glass slide by adherence to the double-sided tape.

(i) EMLC column-on-chip. The chips for the EMLC columns were fabricated by
duplicating largely the second approach for making OTLC columns. Figure 3 shows a
schematic representation of the EMLC chip. Here, the gold film on the bottom slide was
electrically isolated into two separate electrodes by the gap in the middle of the film.
Moreover, both counter and reference electrodes were formed on the bottom of the top slide
in a comb-shaped geometry. The counter electrode comb was made by evaporating
sequentially 15 nm of chromium and 150 nm of gold on the slides through a patterned metal
mask. The comb for the pseudo reference electrode was evaporated on the same slide and
consisted of a chromium layer (15 nm) and followed by a silver layer (150 nm). After
assembly, the gold strips on the top of the bottom slide function as the working electrodes,
the gold comb on the bottom of the top slide as the counter electrode, and the silver comb
on the bottom of the top slide as the reference electrode. As shoﬁn in Figure 3, the two
flow channels on the chip share the same counter and reference electrodes, but each has
different working electrode with individual surface area of ~1 cm?.

Cyclic voltammetry. The electrochemical viability of the EMLC chip was examined

by cyclic voitammetry (CV), using an aqueous solution of 50 uM K;Fe(CN)e/KFe(CN)e
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dissolved in 0.1 M HSQ,. The applied voitage was scanned from 0.0 to +0.5 V at a rate of
0.1 V/sec. A'total of 25 scans were collected.

Separation test. In our preliminary separation assessments, a small drop of the
sample solution was first placed at the entrance of the empty flow channel. The sample
was then injected rapidly into the channel as a result of capillary action. After a small
portion of the flow channel was filled with sample, the same entrance was immediately
dipped in a reservoir filled with mobile phase. As such, the mobile phase continuously flows
into the channel, stopping once the channel is completely filled. In the EMLC experiments,
a potentiostat (Bioanalytical Systems CV-27) was used to apply voltages to the working
electrode in one of the two columns on the same chip, while the working electrode in the
other column was left at open circuit.

Detector setup. To monitor the separation inside the flow channel, the chip was
placed under the Olympus BXS50W! fluorescence microscope, equipped with 2x cbjective
and a band pass filter cube for fluorescein and rhodamine excitation and emission. A Dage

330 color cameral was used to record the results at 30 frames/sec.

Results and Discussion
Fabrication result. The lithographic mask made on the high contrast black/white
film showed improved feature definition. Figure 4 compares the pattern printed directly on
an overhead transparency (Figure 4a) with the same pattern produced on a photonegative
(Figure 4b). Clearly, the pattern on the transparency is poorly defined; the white region of
the pattern has a lot of black dot while the biack region has a lot of pin holes. Using this
transparency as photo mask in the continuing fabrication step will result a blur pattern

transferred onto the photoresist, and reduce the image resolution. On the other hand, the
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image on the photonegative appeared with much improved resolution, and this technique
was able to produce features 100 um or even less.

The column layout on the OTLC chip and a cross-sectional profile at two adjacent
sections of the microfabricated channel are shown in Figure 5. The column was designed
in a serpentine pattern to increase the length of the channel and hence, the plate number.
The profile shows that the channel is roughly 225-um wide and 18-um deep. The image
also indicates that the depth of the channel is fairly uniform across the slide, but the glass
surface at the bottom of the channel is much rougher after etching.

A photograph of the EMLC chip is shown in Figure 6. To facilitate visualization, both
flow channels on the chip were filled with a concentrated rhodamine solution, which gives
the channels a red-pink color. These channels are about 1-mm wide, as determined by the
separation of the two stripes of double-sided tape, 50-um deep, as determined by the
thickness of the tape, and 70-mm long, which is the longest dimension of the glass slide.
These dimensions are similar to those of the OTLC columns constructed using double-sided
tape.

Capillarity induced liquid flow. We relied only on capillary action inside of the flow
channel to induce liquid flow. No external pumps were used for fluidic delivery in the |
experiments. Because the Reynolds numbers (Re) of these microfluidic channels are very
small (< 10), the fluidic movement inside the channels follows a Laminar fiow pattern and
can be described by Poiseuille’s Equation.36 Equation 1 is a modified form of Poiseuille’s
equation,37 which describes the flow rate (v) fiuid flow in channels with a rectangularly-

shaped cross section.

ve— () = (1)
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where w and h are the width and the depth of the flow channel respectively, L is the length
of the channel, nn, is the viscosity of the fluid, and AP is the pressure used for driving the
flow of the liquid.

Capillarity, which results from the pressure difference between two sides of a liquid
meniscus, can be described by Laplace's equation.38 It is the fundamental reason that
causes fluidic flow in these channels. Equation 2 is a modified version of Laplace’s
equation,37 which relates AP for channels with a rectangularly-shaped cross section to the
surface tension the liquid (7).

cosB,, +cosf, .. . cosf,, +cos

AP=y( —=— ) (@)

where 8 is the contact angle where the liquid meets each side of the channel boundaries
and the subscripts, top, bottom, left, and right denote the different sides of the channel.

Collectively, these equations show that the capillary flow rate is determined by the
combined effect of the surface tension and viscosity of the flowing liquid (y and n), the size
and shape of the flow channel (w, h, and L), and the interaction between the liquid and
channel walls (6). in addition to these factors, we found that the roughness of the channel
surface can have a dramatic effect on flow rate. For example, intermittent flow was
sometimes observed inside the chemically-etched flow channel, which is likely due to the
difference in surface smoothness at different locations within the channel. The average flow
rate in these channels is about § mm/min or 20 nL/min.

OTLC separation. The choice to explore separations in an open tubular column
comes from the pressure accessible for most of the existing micropumps. In packed

columns, very high pressures (>100 bar) are usually required for fluid delivery. The
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relatively low pressure that can be generated by micropumps, therefore, dictates the use of
open tubular columns to induce fluid flow.

“In open tubular columns, the efficiency of a separation depends on the partitioning of
analytes between the walls of the column (i.e., the stationary phase) and the mobile phase.
The plate height (H) of an open-tubular column was given by the form of Golay's equation
as shown in Equation 3,39. 40 and the plate number (N), which indicates the separation

efficiency, can then be determined using Equation 4:

_2D _ (+6k+1Kk*)rlv

v 24(1+k'Y> D @)

=L
N=— (4)

where D is the analyte diffusion coefficient in the mobile phase, ris the radius of the flow
channel, k’is the capacity factor of the analyte, vis the mobile phase flow rate, and L is the
column length.

Clearly, in order to obtain higher separation efficiencies (i.e., larger values of N),
long capillaries with smaller inner diameters are preferred. Indeed, long (1-10 m) narrow
bore (i.d.<20 um) capillaries are generally used as columns in conventional OTLC.
However, glass capillaries of this size are often difficult to construct and very easy to clog.
We relied on the micromachining techniques build shallow trenches directly on glass slides
to address these problems. Instead of making channels with a circular cross section, we
fabricated them with rectangular cross section shape. The intent was that having the short
dimension of the rectangular cross section would facilitate separations, while the long
dimension would render the channel less susceptibie to particulate clogging.

(i) Using silanol groups on the glass surface as the stationary phase. Our first set

of separation tests took advantage of the surface chemistry of glass. That is, the silanol
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groups on the glass surface functioned as a normal phase stationary phase. Moreover, the
chemical etching process roughens the inner capillary wall, which increases the surface
area of the stationary phase and hence, the column capacity.

Figure 7 shows the separation of the fluorescent dye mixture upon injection into our
chemically etched glass channel. The progression of the fluorescence images show that
the green FL molecules move through the column near the speed of the solvent front with
almost no retention, while the red RD molecules are more strongly retained by the silica
stationary phase and move through the column at a much slower speed. The two dyes are
completely separated from each other after traveling for 45 s in the column. The elution
order of the two dyes is consistent with that observed using normal phase thin layer
chromatography with silica gel as the stationary phase.4! It is suspected that the separation
is achieved due to the charge difference between the two types of dye molecules. That is,
the FL carries two negative charge, while the RD carries a positive charge and a negative
charge. Since most silanol groups on the glass surface are negatively charged under these
conditions, the negatively charged stationary phase therefore repels the negatively charged
FL, but strongly interact with the positive center of the RD, resulting stronger retention of the
red RD band.

(i) Using monolayer-coated gold thin films as a stationary phase. This set of
experiment evaluates the separation efficiency of different types of stationary phases. To
facilitate the creation of the stationary phase, we took advantage of self-assembled
monolayer technology to modify the surface of gold thin films using different thiols.42 Two
thiol modifiers were used: 1-octanethiol to form a hydrophilic stationary phase and 11-
mercapto-1-undecanol to form a hydrophilic stationary phase in the channel. The different
end groups, which form the interface between the adlayer and the solution, determine the

functionality of the stationary phase.
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Both of the images in Figure 8 show the same separation performed using the two
flow channels fabricated on a single glass slide. Figure 8a presents the resuits using the
11-mercapto-1-undecanol modified channels and Figure 8b presents the results using the1-
octanethiol modified channels. There are two important observations when comparing the
two resuits. First, the average capillary flow rate is approximately five times faster in the
hydrophilic flow channels prepared by coating the underlying gold film with 11-mercapto-1-
undecanol when compared with that in the hydrophobic channels prepared by coating with
1-octanethiol. Qualitatively, this difference agrees with theory. That is, according to
Equations 1 and 2, a smaller contact angle between an aqueous soluiion and a hydrophilic
surface leads to a larger AP and hence a larger v. Second, a more efficient separation is
obtained in the hydrophobic channels (Figure 8b). We attribute the improved efficiency to
the difference in both the flow rate and in the stationary phase. Note that these channels
only have one of the two major surfaces modified by thiol, the other major surface of the
channel is bare glass. Therefore, we suspect that it is the difference in flow rate that
causes the difference in the separation. In addition, since the sample volume is also
affected by the flow rate, the unresolved separation in Figure 8a may also reflect an
injection of an excessive amount of sample causing the column to saturate. Nevertheless,
Figure 8 suggests the end result is that a separation can be manipulated by using columns
modified with different monolayers.

EMLC separation. The key behind EMLC is the manipulation of chemical
separations by controlling the surface charge on the stationary phase. It therefore differs
from the approaches commonly used in conventional LC, which rely on changes in the
chemical composition of the mobile phase and/or stationary phase. By dsing a conductive
stationary phase, such as porous graphitic carbon, the surface charge on the stationary

phase can be controlled electrochemically after modifying a conventional LC column to
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function as an electrochemical cell.43 In such a cell, the conductive stationary phase also
functions as the working electrode. When the potential applied to the working electrode
equals the potential-of-zero-charge (pzc) of the stationary phase material, there is no
excess charge present on the stationary phase. But when the potential is Siased to a value
positive or negative than the pzc, an excess of positive or negative charges can accumulate
on the surface of the stationary phase, which then affects analyte retention.

The conventional-sized EMLC columns developed so far have demonstrated the
effectiveness of the concept. However, the high solution resistance of the column limits the
ability to switch the applied potential efficiently between different values. The work herein
explores the opportunity to decrease the equilibration time by miniaturizing the system.

The electrochemical performance of the EMLC chip was examined prior to any
separation tests; Figure 9 is a group of CVs obtained from 25 continuous scans. The
reproducible position of the redox peaks demonstrates the effective stability of the quasi
reference electrode. The reproducibility of the peak current, on the other hand, confirms the
stability of the working electrode. More importantly, the peak separation in this experiment
is only 123 mV, suggesting a rapid electrochemical response of this miniaturized cell, and
therefore quick equilibration.

Figure 10 shows two sets of preliminary separations obtained with the EMLC chip.
Two separations were carried out simuitaneously on the same chip, with one at the open
circuit potential and the other at a pre-selected applied potential. This dual-separation
approach allows us to compensate, at least partially, for variations in injection time and flow
rate by using the separation at open circuit as a reference. Both sets of results in Figure 10
were collected when the average flow rate within the two channels on the same chip was
approximately the same; therefore, the difference in the separations can be attributed

mainly to the effect of applying different potentials. Figure 10a, left, shows that, the red RD
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is more strongly retained under negative applied potentials. On the other hand, it is less
retained under more positive applied potentials, which causes the two dyes to be
unresolved (Figure 10b, right).

There are two issues will be addressed in our ongoing effort. First, how the applied
potential affects the separation is unclear. Besides the EMLC mechanism, we are also
investigating the contribution of electrical field flow fractionation,44 which may also affect the
elution rate of charged analytes under applied potentials. Second, so far we are not able to
reproduce, and therefore accurately assess, the effect of applied potential between
experiments, a situation due to the complications in maintaining constant flow rates and
injection volumes. Therefore, in order to quantitatively compare the separation results at
different applied potentials, more reliable pumping and injection methods are needed.
Nevertheless, these preliminary results demonstrate the possibility of manipulating

separations in microfluidic channels by applying different potentials.

Conclusions

This paper has described the design and fabrication of chip-scale LC columns, as
well as preliminary demonstrations of using these columns for model separations. This
work, has produced several small-sized flow channels with a rectangular cross-section.
Native glass and chemically modified gold thin films were used as stationary phases for the
separation of two fluorescent dyes in miniaturized channels via an open-tubular liquid
chromatography format. Electrochemically modulated liquid chromatography chip was
constructed using a thin layer of gold as working electrode and stationary phase. The
auxiliary and reference electrodes were also integrated inside the flow channel in a dual-
comb arrangement. We showed that analyte retention was controlled by varying the applied

potential to the chip.
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Both the self-assembled monolayer stationary phases and the EMLC columns may
have potential applications in the design and construction of combinatorial liquid
chromatographic devices. For example, coating the inner walls of an array of microfiuidic
channels with a thin film of gold and flowing different thiol-containing modifiers into the
different channels will form different monolayer-based stationary phases in a microchannel
array. This microfluidic array can be used to analyze a sample mixture under different
chromatographic conditions simultaneously. Combinatorial EMLC analyses can be
performed by adding a set of electrodes to the microchannels and controliing the voitage
applied to each electrode. In this device, separation can performed simultaneously on
stationary phases of same chemical composition but with different surface charges. Both
types of devices have the potential to increase the analysis throughput by performing

combinatorial analyses in an array format.
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Figure Captions

Figure 1. Schematic representation of a microfluidic device.

Figure 2. Open tubular glass channel fabrication process.

Figure 3. Schematic representation of the three structured layers of an EMLC fluidic chip.

Figure 4. Comparison of (a) pattern printed directly from a 1200 dpi laser printer onto a
transparency film, and (b) the pattern of same feature size obtained on the
photonegative.

Figure 5. Microfluidic channels fabricated from wet chemical etching process. (a) flow
channel layout, and (b) cross section depth profiles obtained at two adjacent section
of the channel.

Figure 6. The photograph of a completed EMLC chip. The two red-pink lines running from
left to right on the chip are the two flow channels.

Figure 7. Separation of RD and FL in the OTLC channel fabricated from wet chemical
etching process. The native silanol groups on the glass surface served as stationary
phase for normal phase separation. Average flow rate is ~5 mm/min.

Figure 8. Manipulation of flow rate and separation by modifying the goid surface with
different self-assembled monolayers. (a) separation of RD and FL in hydrophilic
channels modified with 11-mercapto-1-undecanol, at an average flow rate of ~300
mm/min, and (b) separation of RD and FL in hydrophobic channels modified with
octanethiol, at an average flow rate of ~50 mm/min.

Figure 9. Cyclic voltammograms ferrocyanide/ferricyanide redox couple collected from 25
continuous scans at a rate of 0.1 V/s. See text for details.

Figure 10. Manipulation of separation by applying different potentials on the stationary

phase. (a) comparing the separation of RD and FL at the negatively-biased bare
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gold channels with that under open circuit condition, at an average flow rate of ~75
mm/min and (b) comparing the separation of RD and FL in positively-biased bare
gold channels with that under open circuit condition, at an average flow rate of 88
mm/min. The open circuit potential of each of these test channels ranged between -

150 mV to =200 mV.
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CHAPTER 4. IMMUNOASSAY READOUT METHOD USING
EXTRINSIC RAMAN LABELS ADSORBED ON IMMUNOGOLD
COLLOIDS

A paper published in Analytical Chemistry'
Jing Ni,2 Robert J. Lipert,> G. Brent Dawson,? and Marc D. Porter®®
Abstract
An immunoassay readout method based on surface enhanced Raman scattering
(SERS) is described. The method exploits the SERS-derived signal from reporter molecules
that are co-immobilized with biospecific species on gold colloids. This concept is
demonstrated in a dual-analyte sandwich assay, in which two different antibodies covalently
bound to a solid substrate specifically capture two different antigens from an aqueous
sample. The captured antigens in turn bind selectively to their corresponding detection
antibodies. The detection antibodies are conjugated with gold colloids that are labeled with
different Raman reporter molecules, which serve as extrinsic labels for each type of
antibody. The presence of a specific antigen is established by the characteristic SERS
spectrum of the reporter molecule. A near-infrared diode laser was used to excite efficiently
the SERS signal while minimizing fluorescence interference. We show that by using
different labels with little spectral overlap, two different antigenic species can be detected
simultaneously. The potential of this concept to function as a readout strategy for muitiple

analytes is briefly discussed.

' Reprinted with permission from Anal. Chem. 1999, 71, 4903-4908. Copyright 1999
American Chemical Society

2 Microanalytical Instrumentation Center, Ames Laboratory-USDOE, and Department of
Chemistry, lowa State University, Ames, IA 50011

¥ Corresponding author
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Introduction

Many immunoassays (e.g., the screening of cancer markers, such as
alphafetoprotein and carcinoembryonic antigen?) require the concomitant determination of
several analytes. There are two general approaches to address this need. One approach
immobilizes different antibodies on a solid support at spatially separated addresses.
Multiple antigens can then be detected using the same label, with identification based on
address location.2. 3 Alternatively, different labels can be used to detect different analytes
simultaneously in the same spatial area.4-13 In this case, the labeled analyte is first
separated from the sample and then analyzed by a variety of different approaches,14
including scintillation counting,S fluorescence,®. 7 absorption,8 electrochemistry,®
chemiluminescence,!! Rayleigh scattering,'2 and Raman scattering.'3 Of these
techniques, fluorescence spectroscopy has been one of the most widely used readout
methods, primarily because of its high sensitivity.

Conventional Raman spectroscopy usually lacks sufficient sensitivity for use as a
readout method for immunoassays. Surface enhanced Raman spectroscopy, on the other
hand, has demonstrated its ability to detect picomole to femtomole amounts of materials
adsorbed on several types of roughened metal surfaces.'S Among the metallic substrates
used for surface enhanced Raman scattering (SERS) are metal nanoparticles (e.g., goid
and silver colloids). Impressively, recent reports have shown that certain nanoparticle
substrates can yield SERS intensities comparable to or even exceeding those from
fluorescence.16. 17 Furthermore, metallic nanoparticies have been used in several forms of
bioassays, with detection based on colorimetry, 18 photothermal deflection, 19-21 surface

plasmon resonance22, and scanning electron microscopy 23,
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Based on these precedents, it is intriguing to speculate about the potential utility of
SERS in the immunoassay arena. There are several characteristics of SERS that suggest it
may be of value as a readout method. 5. 24.25 Raman bands are generally 10-100 times
narrower than most fluorescence bands, minimizing the potential overlap of different labels
in a given spectral region. Second, the optimum excitation wavelength for SERS is not
strongly dependent on the adsorbed analyte, allowing the use of a single excitation source
for multiple species. Third, Raman scattering is not sensitive to humidity or affected by
oxygen and other quenchers, facilitating applications in a variety of environments. Finally,
the SERS signal is less subject to photobleaching, potentially enabling one to signal
average for extended time periods to lower the limit of detection.

Surprisingly, there have been only a few reports on the application of SERS for
detection in immunoassays.!3.26 Both approaches used a sandwich-type assay, which
coupled surface and resonance enhancements. Rohr et al. used labeled detection
antibodies and roughened silver films coated with a capture antibody,!3 and Dou et al.
exploited the adsorption on silver colloids of an enzymatically amplified product.26 This
paper describes an alternative approach using SERS together with labeled immunogold
colloids as a readout method, which requires neither resonance enhancement nor
enzymatic amplification. Scheme 1 depicts the three-step assay. It involves the
immobilization of capture antibodies on a gold surface, the use of the immobilized antibodies
to capture antigens from solution, and indirect Raman detection via gold nanoparticles
labeled with both antibodies and intrinsically strong Raman scatterers (i.e., Raman reporter
molecules). A different Raman scatterer is used to label extrinsically each of the different
immunogold colloids, with the presence of different antigens detected by the characteristic
Raman bands of the labels. This approach also takes advantage of long wavelength

excitation operative for gold colloids, 16: 27. 28 which minimizes native fluorescence and
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photobleaching complications. The potential of this concept to become a sensitive, high

throughput readout method for immunoassays is discussed.

Experimental

Reagents. Suspensions of unconjugated colloidal gold (30 nm, 2 x 10"
particles/mL) and anti-rat IgG conjugated colloidal gold (30 nm, 8 x 10'' particles/mL) were
purchased from Ted Pella, inc. Polyclonal rat, rabbit, goat, goat anti-rat, and goat anti-rabbit
IgG were acquired from Pierce. Thioctic acid (98%), 1-ethyl-3-[3-(dimethylamino)propy)]
carbodiimide (EDC), Tween 80, 2-ethanolamine, thiophenol (TP), 2-naphthalenethiol (NT)
and 4-mercaptobenzoic acid (MBA) were obtained from Aldrich. Sodium tetraborate
decahydrate, potassium phosphate, tris(hydroxymethyl)aminomethane (Tris), sodium
chloride, and magnesium chloride were purchased from Fisher. All reagents were used as
received.

Preparation of Raman reporter-iabeled Immunogold colloids. Raman reporter-
labeled immunogold colloids were prepared in a two-step process. In the first step, the
uncoated gold colloids were labeled with Raman reporters through the spontaneous
adsorption of thiol molecules on gold.29-32 MBA, NT, and TP were chosen as reporters
because of the large enhancements described in earlier SERS characterizations of these
and related molecules and/or the minimal overlap of their spectral features.33. 34 Typically,
2.5 uL of an ethanolic thiol solution (1 mM MBA or TP, 0.5 mM NT) were added to 1 mL of
an unconjugated colloidal gold suspension and allowed to react for 12 h. The amount of
thiol, based on an estimation of the colloidal surface area, was chosen to coat only a portion
of the colloidal surface; fully coated colloids were found to be less stable as dispersions and
had a tendency to aggregate during'centrifugation. This process also left exposed portions

of the colloidal surface available for IgG protein immobilization. The reporter-labeled
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colloids were then separated from solution by centrifugation at 14,000 g for 4 min. The clear
supernatant was discarded, and the loosely packed red gold sediment was resuspended in
1 mL of borate buffer (2 mM, pH = 9).

The second step of the preparation involved the immobilization of the different IgG
proteins on the reporter-labeled colloids. While gently agitating, 23 ug of antibody (goat
anti-rat or goat anti-rabbit IgG) were added to the 1 mL suspension of the reporter-labeled
gold colloids. This amount of antibody is ~50% more than the minimum amount (determined
according to the observed dispersion stability in flocculation tests35) for coating the
unmodified portion of the colloidal gold surface. The mixture was incubated at room
temperature for 60 min, during which the IgG proteins adsorbed onto the colloids through a
combination of ionic and hydrophobic interactions.35 Upon centrifugation at 14,000 g for 5
min, two phases were usually obtained: a clear supernatant of unbound antibody and a dark
red, loosely packed sediment of the reporter-labeled immunogold. Occasionally, a dense,
black sediment of metallic gold was also found; this sediment was attributed to aggregation
of colloidal gold that was not effectively stabilized by the antibody coating.35 Next, the loose
sediment of reporter-labeled immunogold was rinsed by resuspending in 2 mM borate buffer
and collected after a second centrifugation at 14,000 g for S min. Finally, the complex was
resuspended in 0.5 mL of 10 mM Tris-buffered saline (Tris/HCI, NaCl 10 mM, MgCl. 1.5
mM, pH 7.6), with 0.1% Tween 80 added for minimizing nonspecific adsorption during the
assays. The concentration of the reporter-labeled immunogold suspension was ~3 x 10"
particles/mL based on a calibration curve constructed using the colloid absorbance at 525
nm.36 These suspensions were usually stable for 2-3 days when stored at 4 °C.

Preparation of capture antibody substrates. Glass microscope slides were first
soaked in a dilute surfactant solution (Micro, Cole-Parmer) for 12 h, rinsed with deionized

water and ethanol, and dried in a stream of nitrogen. The slides were then coated with 15
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nm of chromium, followed by 300 nm of gold by resistive evaporation at a pressure of <1.3 X
10 Pa. The gold substrates were next cut into 1 cm x 1 cm sections and immersed in a 1
mM ethanolic solution of thioctic acid for ~12 h to form a carboxylic acid-terminated
monolayer.37

The immobilization of the IgG proteins was accomplished by first immersing the
monolayer modified substrates into 1% (w/w) EDC in anhydrous acetonitrile for 5 h. This
step activates the free carboxyl groups of thioctic acid by forming an O-acylurea
intermediate with EDC.38 The activated surface was then modified by pipetting 100 uL of a
mixture of goat anti-rat and goat anti-rabbit IgG (50 ug/mL of each in 0.1 M borate buffer, pH
= 9) onto the 1 cm? substrate. The reaction was allowed to progress at 4 °C for 12 h. In the
early stages of this investigation, the modified substrates were next soaked in 0.1 M borate
buffer (pH 8.75) that contained 5% (v/v) 2-ethanolamine to block residual O-acylurea
intermediates.38 We found, however, that this step was not necessary since unreacted
intermediates were effectively hydrolyzed during the IgG immobilization step. This finding
was confirmed by infrared reflection-absorption spectroscopy, which was also used to verify
the success of each modification step, including formation of the carboxylic acid-terminated
monolayer, activation of the free carboxyl groups with EDC, and antibody immobiiization.
Finally, the antibody-coated substrates were rinsed with deionized water, and quickly dried
under a stream of argon. All assays were conducted immediately after substrate drying.
The activity of surfaces prepared in this way has been confirmed previously in our group by
scanning probe microscopy and fluorescence imaging.32

immunoassay protocol. The immunoassays were conducted by following the
typical procedure for a sandwich-type assay.'4 Goat IgG, rat IgG, rabbit igG, and a 1:1

mixture of rat and rabbit IgG were used as test antigens. In each case, 100 uL of IgG
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solution (1 ug/mL total antibody) in 50 mM PBS buffer (KH.POJ/K-HPO,, 150 mM NaCl, pH
= 7.6) was pipetted onto the capture antibody-coated substrate and allowed to react for 1 h
at room temperature. After rinsing with copious amounts of water, the sample was exposed
to 100 uL of reporter-labeled immunogold solution for 3 h. All samples were then rinsed with
deionized water and dried under argon before SERS characterization.

SERS measurements. SERS was excited using a diode laser (Hitachi HL7851G,
Thorlabs). The laser was mounted in a commercial housing (ILX Lightwave Model LDM-
4412) that was equipped with a collimating lens and thermoelectric cooler. The operating
temperature was held at 20 °C by an ILX Lightwave temperature controller (Model LDT-
5910). An ILX current source (Model LDX-32078) maintained the operating current at 120
mA. These conditions produced S0 mW of output power at the sample with a wavelength of
785.13 nm. A pair of Pellin-Broca prisms and an iris were used to remove background laser
diode emission. The laser output was focused onto the sample with a 50 mm focal length
cylindrical lens at an angle of ~60° with respect to the surface normal. The illuminated area
on the sample was roughly 3 mm by 0.25 mm. The Raman scattered light was collected at
f2 and imaged onto the entrance slit (200 um slit width) of a 300 mm /4 spectrograph
(SpectraPro 300i, Acton Research Corp.). A 1200 grooves/mm grating that was blazed for
750 nm produced a nominal dispersion of 2.7 nm/mm. Rayleigh scattering was blocked
using a holographic notch filter (HSPF-785.0, Kaiser Optical Systems). The spectrograph
was equipped with a thinned, back-illuminated, liquid nitrogen-cooled CCD (LN/CCD-
1100PB, Princeton Instruments). The positions of the reporter molecule Raman bands were

determined by calibration using the known band positions of solid naphthalene.
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Results and Discussion

SERS of reporter-labeled immunogold. Three types of reporter-labeled
immunogold colloids were prepared: (a) MBA/anti-rat IgG, (b) NT/anti-rat IgG, (c) TP/anti-
rabbit IgG. Each type of colloid was then immobilized onto its corresponding antigenic
substrate by sandwich formation (e.g., the sequential exposure of the gold substrate coated
with anti-rat IgG to a solution of rat IgG and then to a solution of MBA/anti-rat IgG
immunogold) for SERS characterization. A sample using the commercially prepared anti-rat
IgG labeled gold colloids was also prepared for comparison.

One set of results for these characterizations (10 s integration time) is shown in
Figure 1 between 980 cm™ and 1610 cm™. Several strong aromatic vibrational bands are
present within this spectral region that are diagnostic of the three different labels. Indeed, all
of the bands in each spectrum can be assigned to either C-H or ring in-plane bending, ring
in-plane bending coupled with C-S stretching, or ring C=C stretching of the labels.40 For
example, two distinct bands, one at 1075 cm™ and the other at 1587 cm™', are observed in
the spectrum for the sample containing the immobilized MBA/anti-rat IgG particles (Figure
1a). Similarly, the samples with the NT-labeled particles exhibit strong bands at 1067 cm’
and 1377 cm (Figure 1b), and the TP-labeled particles have bands at 999 cm™, 1022 cm*,
1071 cm™, and 1568 cm™ (Figure 1c). Experiments also demonstrated that there was no
detectable change in SERS intensity for samples continuously illuminated for 60 min at 50
mW.

On the other hand, there.are no detectable features evident in the same spectral
region for the sandwich composed of colloids coated only with anti-rat IgG (i.e., goid colloids
devoid of a reporter molecule, Figure 1d). This observation is consistent with earlier
investigations on the use of SERS in characterizing protein adsorption on gold.41. 42 |t likely

arises from a combination of the lower surface enhancement factor for gold relative to silver
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and the rapid decay of the strongly enhanced electromagnetic field with distance from the
metal surface. The absence of detectable Raman scattering from the proteins adsorbed on
colloidal gold demonstrates the necessity of extrinsic labeling.

There are several important observations from the results in Figure 1. First, strong
Raman bands are detectable for all three of the labels. These signal strengths are
consistent with enhancements for adsorbates bound to gold colloids,!5: 27. 43 and varied in
magnitude by 5% across an individual sample surface and by 12% between two different
sets of samples. Second, the MBA-labeled sample gives a stronger Raman signal than the
NT-labeled sample, followed by the TP-labeled sample. While this trend may be a result of
the intrinsic differences in the scattering properties of the labels, it may also reflect a
difference in the relative coverage and/or orientation of the labels adsorbed on the colloid,
assuming the number of immobilized colloids is the same on each substrate. Third, the
location of the vibrational bands identifies the labels most effective for a multianalyte
immunoassay, which requires minimal spectral overlap between labels. In terms of minimal
overlap, the most useful combination is the 1377 cm™ band for the NT-labeled goid and the
995 cm™' band for the TP-labeled gold. Together, these results begin to establish the
viability of our proposed concept.

Specificity. The experiments described in this section demonstrate the feasibility of
combining SERS and reporter-labeled immunogold to detect the presence of specific
antigenic species in aqueous samples. These experiments used gold colloids that were
labeled with MBA as the Raman reporter and with goat anti-rat igG for immunorecognition.
Polyclonal goat anti-rat IgG and goat anti-rabbit IgG were used as capture antibodies and
were co-immobilized onto three separate gold substrates as described earlier. One of the
substrates was then exposed to a solution of rat igG, another to a rabbit igG solution, and

the third to a goat IgG solution. After incubation for 1 h, the samples were developed in the
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MBA-labeled immunogold suspension for 3 h. The results of the SERS characterization (1 s
integration time) are presented in Figures 2a-c for the samples exposed to rat IgG, rabbit
IgG, and goat IgG, respectively.

The rat IgG sample shows very strong SERS bands at 1075 cm™ and 1587 cm™.
These bands, by inspection of Figure 1a, are diagnostic of the MBA reporter that is co-
immobilized with anti-rat IgG on the colloids. This resuit is consistent with the binding
specificity in a sandwich-type assay for rat IgG.

The specificity of our assay concept was also tested by the experiments using rabbit
IgG and goat IgG samples (Figures 2b,c). Rabbit IgG can be captured by the substrate, but
should not strongly bind to the goat anti-rat IgG immobilized on the gold colloids. In
contrast, goat IgG should not be captured by the substrate nor specifically bind with goat
anti-rat IgG colloids. The bands evident in these latter two spectra for either goat IgG or
goat anti-rat IgG are barely above background and are in agreement with the expected lack
of specificity. We attribute these weak features to nonspecific adsorption and/or the
possible cross-reactivity of polyclonal antibodies. More importantly, the combined weight of
the results in Figure 2 further establishes the viability of our assay concept.

Dual-analyte assay. As noted earlier, another distinct feature of Raman
spectroscopy is that the widths of the vibrational bands are usually much narrower than
those of fluorescence bands. The Raman bands of MBA (Figure 1a) have a full-width-at-
half-maximum (FWHM) of 20 cm™ or 1 nm. In comparison, the fluorescence emission of
fluoresceinisothiocyanate (FITC), a common fluorescence label, has a FWHM of 50 nm
under ambient conditions.44 The large widths of fluorescence bands therefore often limit the
ability to easily distinguish such labels from each other, a situation that hinders the
implementation of a sensitive muitianalyte assay. There are only a few classes of

compounds (e.g., fluorescent lanthanide complexes, 10 nm FWHM) with sufficiently narrow
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emission bands that can be used as labels in a simultaneous muitianalyte detection
scheme.” In most cases, several different light sources and related optical components
(e.g., filters) are required for a multianalyte immunoassay that uses different fluorescent
labels. The intrinsically narrower widths of Raman bands present the potential of
distinguishing many more Raman labels than is possible with fluorescent labels.45

To test the feasibility of our concept for dual-analyte assays, two different analytes
were detected simultaneously by using two different Raman reporters, i.e., NT and TP. in
these experiments, gold substrates that were coated with a mixed layer of goat anti-rat and
goat anti-rabbit IgG were used to capture analytes from solution. These substrates were
exposed to solutions of PBS buffer (i.e., a blaﬁk), rat IgG (1 ug/mL), rabbit IgG (1 ug/mL), or
a mixture of rat (0.5 ug/mL) and rabbit IgG (0.5 ug/mL). Gold colloids that were coated with
NT/anti-rat IgG or TP/anti-rabbit IgG were first prepared individually and then mixed in Tris
buffer at equal amounts (a final level of ~1.5 x 10" particles/mL for each type of colloid) for
use as a detection reagent.

Figure 3a shows the spectrum of the blank sample. Ideally, the spectrum should be
featureless since the sample has not been exposed to either rat IgG or rabbit IgG. As
before, however, a low level of nonspecific adsorption results in the observation of low
intensity vibrational bands from the labeled colloids.

The spectrum for the substrate exposed to rat IgG and the mixture of the two labeled
immunogold colloids is shown in Figure 3b. This sample should capture only the colloids
labeled with anti-rat IgG, so a spectrum containing only the features in Figure 1b should be
obtained. The presence of the strong band at 1377 cm for NT is consistent with this
expectation. However, a much weaker band (10% of the intensity of the band at 1377 cm™")
is also evident at 999 cm™. Similarly, only bands diagnostic of the TP label (Figure 1c)

should be found for the sample exposed to rabbit IgG. The presence of the strong band at
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999 cm™ is in agreement with this prediction (Figure 3c). A weak band at 1377 cm’’
indicative of NT-labeled immunogold, which is probably from nonspecific adsorption, is also
present (16% of the intensity of the band at 999 cm™). In comparison, when an equal
amount of rat IgG and rabbit IgG are exposed to the gold substrate, both the NT ring
stretching band at 1377 cm™ and the TP ring in-plane bending band at 999 cm™ dominate
the spectrum (Figure 3d). Their intensities are roughly half of those in Figure 3b and 3c, as
expected from the differences in antigen concentrations. This finding indicates that both the
NT-labeled anti-rat IgG and TP-labeled anti-rabbit IgG gold colloids have bound to the
substrate, demonstrating that two analytes can be simultaneously detected using easily
distinguishable Raman scatterers as labels.

As noted, the bands for TP in Figure 3b and for NT in Figure 3¢ are probably the
result of nonspecific adsorption and/or the cross-reactivity of polyclonal antibodies. It is also
possible, though less likely, that there may be “cross-taik” between the two types of
nanoparticles. We define cross-talk as the dissociation and re-adsorption of a weakly bound
antibody from one type of labeled colloid onto another type of labeled colloid when
dispersed together in the two-component detection reagent.46 Cross-talk can be minimized
by covalently coupling the antibody to the gold particles as well as by a more effective
separation of the reporter-labeled immunogold from unbound antibody. Experiments to this
end are underway.

Estimated detection limits. One argument favoring a fluorescence over a Raman-
based detection scheme is the inherent detection capability of fluorescence measurements.
However, by combining the SERS effect and the use of reporter molecules with a relatively
large Raman scattering cross section as extrinsic labels, trace amounts of intrinsically weak
Raman scatterers (e.g., antibodies) can be indirectly detected. For example, the presence

of the weak scatterer rat IgG (1 pg/mL) was indirectly detected in Figure 2a through the
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spectral signature of the MBA labels that were co-immobilized with anti-rat IgG on the
surface of colloidal gold. Indeed, the extrinsic label MBA produced a strong band at 1075
cm™ with signal-to-noise ratio (S/N) over 100 for an integration time of 1 s. This S/N,
coupled with the concentration of rat IgG, translates to an estimated detection limit of ~30
ng/mL (0.2 nM) under these experimental conditions. We believe that by increasing
modestly the signal integration time (e.g., from 1 s to 100 s), optimizing the assay conditions
(e.g., incubation time and temperature), and carefully adjusting the reporter molecule
coverage on the colloid surface, an even lower detection limit, which could be competitive
with the detection limit based on enzymatic amplification, should be obtainable.

Experiments towards a more sensitive immunoassay method are planned.

Conclusions

An alternative immunoassay readout method using SERS has been demonstrated.
This indirect method employs Raman scatterers as labels bound to gold colloids that are
also modified with immunospecific reagents. Two different analytes were detected
simultaneously with TP and NT as their extrinsic Raman labels. The detection limit of this
approach is around 10® M at current experimental conditions. By carefully designing
additional Raman labeled immunogold systems, this approach has the potential to become
an alternate detection method for multiple label-based immunoassays. Experiments along

these lines are underway.
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Figure Captions

Figure 1. SERS signatures of the immobilized reporter-labeled immunogold colloids: (a)
gold colloids conjugated with MBA/goat anti-rat IgG, (b) gold colloids conjugated with
NT/goat anti-rat IgG, (c) gold colloids conjugated with TP/goat anti-rabbit igG, and
(d) commercial gold colloids conjugated with goat anti-rat IgG. These spectra (10 s
integration time) were acquired by immobilizing the labeled colloids on substrates
through sandwich formation (see text for details).

Figure 2. SERS spectra from specificity tests of the reporter-labeled immunogold colloids.
Gold colloids conjugated with MBA/goat anti-rat IgG were used as a detection
reagent and gold substrates modified by the co-immobilization of goat anti-rat IgG
and goat anti-rabbit IgG (1:1) were used as capture antibodies. SERS spectra for
samples exposed to 100 uL solution (1ug/mL) of: (a) rat IgG, (b) rabbit IgG, and (c)
goat IgG. All spectra were acquired under the same experimental conditions with 1 s
integration times.

Figure 3. Sandwich immunoassay demonstration of the dual-analyte immunoassay
concept. Gold colloids conjugated with NT/goat anti-rat IgG and gold colloids
conjugated with TP/goat anti-rabbit IgG were mixed in a 1:1 ratio and used as the
detection reagent. Gold substrates modified by the co-immobilization of goat anti-rat
IgG and goat anti-rabbit IgG (1:1) were used as capture antibodies. SERS spectra of
samples exposed to 100 uL solutions containing: (a) PBS buffer, (b) rat IgG (1
ug/mL), (c) rabbit IgG (1 ug/mL), and (d) mixture of rat IgG (0.5 ug/mL) and rabbit
IgG (0.5 ug/mL). All spectra were acquired under the same experimental conditions

with 10 s integration times.
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CHAPTER 5. RAMAN-ACTIVE COLLOIDAL GOLD REAGENTS
USED FOR QUANTITATIVE IMMUNOASSAYS

A manuscript in preparation for submission to Analytical Chemistry
Jing Ni,' Robert J. Lipert,' Jennifer A. Harnisch,' and Marc D. Porter'?
Abstract

An in-depth study of using surface enhanced Raman scattering (SERS) to obtain
quantitative immunoassay results is presented. Two types of Raman-active immunogoid
colloids were used in this study. One type relied on the co-immobilization of antibodies and
reporter molecules directly on the same colloidal particles; the other was based on the
covalent linking of antibodies to colloids through N-succinimide groups of the reporter
molecules that were pre-adsorbed on the gold colloids. The Raman-active immunogold
colloidal reagent was used to detect model antigens at different concentrations in sandwich-
type immunoassays, and the presence of the antigen was established by the SERS signals
of the reporter molecule. The dose-response curves obtained from the sandwich assay
demonstrated a large dynamic range and sub ng/mL limits of detection with colloidal
detection reagents prepared by either method. The covalently-linked immunogold colloids,

however, exhibited improved specificity and stability.

' Microanalytical Instrumentation Center, Ames Laboratory-USDOE, and Department of
Chemistry, lowa State University, Ames, IA 50011
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Introduction

Surface enhanced Raman scattering (SERS) has demonstrated its sensitivity to
detect picomole to femtomole amounts of materials on a wide range of metallic substrates
(e.g., evaporated metal thin films, roughened electrodes, and metallic nanoparticles).!:2 A
growing interest is to exploit SERS as an alternative readout method for immunoassays.
This interest is not only due to the demonstrated high sensitivity of SERS, which opens the
possibility of using this technique to detect traée amounts of biomolecules, but also because
of its potential advantages as a broadly applicable readout method in comparison to the
widely used fluorescence detection schemes.3-5 For example, Raman scattering is not
affected by oxygen and other quenchers, simplifying its use in many different experimental
environments. Since the SERS signal is less subject to photobleaching, lower detection
limits can be obtained by increasing the signal integration time. Moreover, Raman-active
vibrational modes usually yield bands one to two orders of magnitude narrower than most
fluorescence bands. This feature offers the possibility of distinguishing a much large
number of different Raman labels than likely with fluorescent labels.6: 7

A major barrier that prohibits using SERS for the direct detection of biological
samples is that the surface enhancement effect diminishes rapidly with increasing distance
from metallic surfaces. In other words, strong SERS signals are observed only if the
scattering centers are brought into close proximity (50-100 A) to the surface. Although
Raman spectra of biomolecules can be obtained on silver surfaces when coupling SERS
and resonance enhanced scatterin'g,a- 9 the spectra are usually lacking of sufficient chemical
content and/or signal amplitude to be used for immunoassays purposes.

Therefore, rather than relying on the SERS signal of the antibody/antigen itself, our
group® and others10. 11 have reported an alternative approaches to SERS-based readouts

for immunoassays. Both Rohr and Dou used silver substrates and coupled surface and
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resonance enhancements in a sandwich assay format. Rohr et al. employed labeled
antibodies and roughened silver films coated with a capture antibody, 0 and Dou et al.
exploited the adsorption on silver colloids of an enzymatically amplified immunoassay
product.!

We have also followed the steps of a sandwich immunoassay. However, our
detection approach relied solely on the SERS effect by utilizing immunogold colloids that
have been labeled with Raman-active molecules as detection reagents. In this approach,
gold colloids are labeled with both antibodies for bio-recognition and Raman active
molecules for signal transduction. A key feature of this concept is that the scattering center
of the label is positioned in close proximity of the colloid surface, which strongly enhances
the signal. The presence of the antigen is therefore recognized by its detection antibody,
and the SERS signal of the co-immobilized Raman active species “reports” the ligation of
the antibody with the antigen.

We chose to use colloidal gold as our SERS substrate for several reasons. First, the
large surface enhancement observed on some metallic nanoparticles results in SERS
intensities comparable to or even exceeding those for fluorescence.!:2 Such a level of
enhancement, which may lead to a high detection sensitivity, together with the ease of
handling, make metallic nanoparticies more promising than most other types of SERS
substrates for use in immunoassay applications. Second, of the varieties of metallic
nanopatrticles, we focused on gold over silver colloids, despite the fact that silver colloids
provide larger enhancements than gold.12 However, the size and shape distributions of
colloidal gold are more uniform than that of silver,'3 which suggests a more reproducible
enhancement factor, opening the possibility of using gold nanoparticles for quantitation. We
note that immunogold colloids have been widely used in assays based on colorimetry,14

photothermal deflection,'5-17 surface plasmon resonance'8, and scanning electron
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microscopy 3 detection mechanisms. Nevertheless, the potential of using colloidal gold in
quantitative immunosensing has not be extensively investigated.!3

Our previous report focused on the demonstration of a simultaneous multianalyte
detection concept by using different Raman reporters in conjunction with different detction
antibodies.® It also estimated a limit of detection (LOD) of ~30 ng/mL using different IgG as
antibodies and antigens. This report extends our previous work by focusing on obtaining
quantitative immunoassay results using two different types of extrinsically labeled Raman-
active immunogold colloids. One type was prepared following the same method used in our
previous report,® which relied on the co-immobilization of antibodies and reporter molecules
directly onto the same gold colloids. The other type was based on the covalent linking of
antibodies to the colloids via functionalized reporter molecules, which was pre-chemisorbed
onto the colloidal gold. Sandwich assays were performed to quantify the amount of a model
antigen, and the dose-response curves obtained with colloidal reagents prepared by both

methods are presented and compared.

Experimental

Reagents. Suspensions of unconjugated colloidal goid (30 nm, 2 x 10"
particles/mL) were purchased from Ted Pella, Inc. Polyclonal rat IgG, used as the antigenic
analyte, and goat anti-rat IgG, used as the capture and detection antibody, were acquired
from Pierce. The reporter molecule dithiobisbenzonic acid (DBA) was purchased from
Toronto Research Chemicals, Inc, and 4,4'-dithiobis(succinimidylbenzoinate) (DSB) was
synthesized according to literature procedures (see below). Thioctic acid (98%), 1-ethyl-3-
(3-(dimethylamino)propyl] carbodiimide (EDC), N-hydroxysuccinimide (NHS), 1,3-
dicyclohexylcarbodiimide (DCCD), and Tween 80 were obtained from Aldrich. Sodium

tetraborate decahydrate, potassium phosphate, tris(hydroxymethyl)aminomethane (Tris),
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sodium chloride, and magnesium chioride were purchased from Fisher. All biological
reagents were used within 6 months after purchasing.

Instrumentation. The experimental setup for the SERS measurements is shown in
Figure 1. The signal was excited with a diode laser (Hitachi HL7851G, Thorlabs) operated
at 20 °C and 120 mA. These conditions produced 50 mW of output power at the sample
with a wavelength of 785.13 nm. A polarization rotator adjusted the polarization direction of
the laser to minimize reflection losses at the Pellin-Brocha prisms. The prisms were used to
remove background laser emission. The laser beam was then directed by a mirror through
an aperture and focused by a 50-mm focal length cylindrical lens to a 3 mm by 0.25 mm line
on the sample surface. The laser beam irradiated the sample at an angle of ~60° with
respect to the surface normal, and the scattered light was collected and focused onto the
entrance slit of the monochromator with a #2 lens. A holographic notch filter (HSPF-785.0,
Kaiser Optical Systems) was used to block the Rayleigh scattering light, while the Raman
scattered light passed through the entrance slit (200 um slit width) of a 300 mm /4
spectrograph (SpectraPro 300i, Acton Research Corp.) and illuminated onto a 1200
grooves/mm grating. The grating was blazed for 750 nm and produced a nominal
dispersion of 2.7 nm/mm. A thinned, back-illuminated, liquid nitrogen-cooled CCD
(LN/CCD-1100PB, Princeton Instruments) was controlied by a PC for spectra acquisition.
The positions of the reporter molecule Raman bands were determined by calibration using
the known band positions of solid naphthalene.

Synthesis of 4,4’-dithiobis(succinimidylbenzoate) (DSB). The synthesis of DSB8
followed a procedure similar to that used for preparing dithio-
bis(succinimidylundecanoate).1® Briefly, 0.50 g of DBA (1.6 mmol), 0.67 g of DCCD (3.2
mmol), 0.37 g of NHS (3.2 mmol), and 60 mL of tetrahydrofuran were added to a 100 mL

round-bottom flask equipped with a magnetic stir bar and drying tube. The reaction mixture
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was stirred at room temperature for three days. The solution was then filtered and the
solvent was removed under reduced pressure to give an oily yellow residue. The crude
product was dissolved in hot acetone and filtered again. Hexane was added to the filtrate
until the solution became cloudy and the acetone:hexane mixture was stored in the
refrigerator at 4 °C overnight. The preduct separated as an orange oil. 'H-NMR (400 MHz,
CDCl,): 8 7.86 (d, 4H), 7.41 (d, 4H), 2.71 (s, 8H). Infrared reflection spectroscopy: 1810 cm’
! (vic-0) of the ester), 1772 cm™ (vgc.q) of the succinimide), 1746 cm™ (vagc.o) Of the
succinimide), 1585 cm™ (vic.q) of the benzene ring).20. 21

Preparation of Raman-active immunogold colloids. Raman-active immunogold
colloids were prepared by two approaches shown in Scheme 1.

(i) Co-immobilization approach. The co-immobilization approach, we also used in
our previous report,6 consists of the two steps depicted in Scheme 1a. First, 25 ulL of
ethanolic Raman reporter solution (0.5 mM DBA) was added to 10 mL of a suspension of
uncoated gold colloids (~30 nm diameter). The mixture was allowed to react for 5 h at room
temperature. During this step, the reporter molecules bind via self-assembly onto the colloid
surface through the formation of sulfur-gold linkages.22-25 We note that this amount of
reporter, based on an estimation of the colloidal surface area, will only partially cover the
colloid, leaving portions of the uncoated colloidal surface available for protein
immobilization. After separating the reporter-labgled colloids from solution by centrifugation
at 14,000 g for 4 min, the loosely-packed, red-colored sediment was resuspended in 10 mL
of borate buffer (2 mM, pH 9).

These Raman-active colloids were next immuno-labeled by adding 230 ug of goat
anti-rat IgG to 10 mL of the above suspension. The mixture was incubated at 4°C for 12 h,

during which the IgG protein adsorbs directly onto the exposed colloidal surface through a
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combination of ionic and hydrophobic interactions.26 The incubation was followed by
centrifugation at 14,000 g for 5 min, and the loose sediment of reporter-labeled immunogoid
was rinsed by resuspending in 2 mM borate buffer and collected after a second
centrifugation. Finally, the labeled colloids were suspended in 10 mM Tris-buffered saline
(Tris/HCI, NaC! 10 mM, MgCl. 1.5 mM, pH 7.6) giving a concentration of ~2 x 10"
particles/mL. Tween 80 (1%) was also added to the suspension to minimize nonspecific
adsorption in the assays. The suspensions usually remained uniformly dispersed for 2-3
days when stored at 4 °C.

(ii) Covalent linking approach. The DSB molecules were used as both Raman
reporters and antibody linkers. The succinimide group of the DSB molecule can readily
react with the primary amine group of an amino acid, such as the lysine, presented in
antibodies like IgG to form a covalent bond. As shown in Scheme 1b, the preparation of the
covalently-linked colloidal reagent follows a process very similar to that used for the co-
immobilized reagents. However, with the covalent linking approach, the antibodies indirectly
attached to the colloid through the reporter molecules rather than directly adsorbed onto the
colloidal surface. Briefly, 25 uL of a reporter-linker solution (5 mM DSB in CHCI;) was
added to 10 mL of bare gold suspension (30 nm) under vigorous agitation. The molecules
self-assemble onto the colloid surface, with their succinimide end groups available for
protein immobilization. It is noted that this amount of the reporter-linker is estimated to be
more than enough to cover the entire colloidal surface. The reporter-linker labeled colloids
were centrifuged, and resuspended in the aforementioned borate buffer.

Similar to the co-immobilization approach, 230 ug of goat anti-rat IgG were added to
the 10 mL suspension of the DSB-labeled gold colloids, followed by a incubation at 4°C for
12 h. This step covalently couples anti-rat IgG molecule to the colloid surface via amide

linkages that are formed by the reactions of its amine groups with the succinimde groups of
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DSB. Finally, the Raman-active immunogold was rinsed and resuspended in Tris buffer,
and the final concentration of the colloids was adjusted to ~2 x 10" particles/mL. The
suspensions were usually stable for a few weeks when stored at 4 °C.

Preparation of gold films. Gold films were deposited onto clean glass microscope
slides by resistive evaporation at a pressure of <1.3 x 10* Pa. Gold island films, which were
used as the SERS substrates in Raman reporter characterization experiments, were
prepared by evaporating ~5 nm of gold directly onto the glass substrate. These island films
were then derivatized with reporter molecules by immersion in 1 mM DBA (in ethanol) or 1
mM DSB (in chloroform) solutions for 24 h, and subsequently rinsed with the corresponding
neat solvents before SERS characterization. Smooth gold films were prepared by first
coating a glass substrate with 15 nm of chromium followed by 300 nm of gold. These
substrates were used to prepare capture antibody substrates for the immunoassay
experiment described below.

Preparation of capture antibody substrates. Capture antibody substrates were
prepared as previously described.® In summary, a thioctic acid monolayer was first formed
on a smooth gold substrate, and activated with EDC in anhydrous acetonitrile. The surface
was then modified with capture antibody by pipetting 100 uL of goat anti-rat IgG (100 ug/mL,
0.1 M borate buffer, pH 9) onto ~1 cm? of the activated substrate. This reaction was allowed
to progress at 4 °C for 12 h. Finally, the antibody-coated substrates were rinsed with
deionized water, and quickly dried under a stream of argon. All assays were conducted
using freshly prepared substrates.

Immunoassay protocol. The dose-response curve was constructed based on the
results of a set of sandwich assays.2’” Samples containing Rat IgG as a model antigen were
prepared at concentrations ranging from 0.01 ng/mL to 1 mg/mL in 50 mM PBS buffer

(KH2POJ/K-HPO,, 150 mM NaCl, pH = 7.6). A 100 uL aliquot of each sample solution was
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pipetted onto separate capture antibody substrates and allowed to react for 1 h at room
temperature. After rinsing with copious amounts of water, the substrates were then exposed
to 100 uL of reporter-labeled immunogold solution for 3 h. All substrates were rinsed with

deionized water and dried under argon before SERS characterization.

Resuits and Discussion

UV-Vis characterization of goid isiand films. Gold island films were used as
SERS-active substrates to examine the scattering properties of the acid-terminated DBA
and succinimide-terminated DSB reporters. To minimize differences caused by substrate
variability, the gold island films (~5 nm thick) were first examined using UV-Vis
spectrometer. Figure 2 shows the spectra of two such films (spectra a and b) before
immersion in the reporter molecule solution. For comparison, spectrum ¢ was collected from
5 nm colloidal gold suspended in aqueous solution. Both island films exhibited a plasmon
resonance band with a maximum of 597 nm, while that for colloidal gold was at 519 nm.
The plasmon bands from the island films were also wider than that observed from uniformly
dispersed 5 nm colloidal gold. The difference in the spectra of the 5§ nm-thick gold island
films and the 5-nm diameter gold colloid suspension can be explained by the distribution of
sizes and shapes of the nanostructures on the two different types of samples. Evaporated
gold islands usually have a broad size distribution with different irregular shapes.28
Colloidal gold, on the other hand, is reported to be more uniform in size and have a near-
spherical shape.13

It is more important to note that the spectra for the two island films are effectively
superimposable. This agreement argues that the average sizes and shapes of the islands

on the two substrates are strongly similar. As a resuit, both substrates should have similar
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surface plasmon properties and therefore produce similar magnitudes of surface
enhancement for Raman scattering.12

SERS characterization of DBA and DSB reporter molecules. The purpose of this
set of experiments was to determine the difference in the reporter scattering properties as a
result of altering the terminal functional groups in the reporter molecule. SERS spectra (10
s integration time) of self-assembled monolayers of DBA and DSB on the gold island films
are shown in Figure 3. Several strong aromatic vibrational bands from the benzene ring are
present within this spectral region. The strongest band at 1075 cm™ is from the aromatic C-
H in-plane bending, and another major band at 1585 cm'" is from the C=C ring stretching.29
To obtain maximum sensitivity, signals at 1075 cm™ were used as readout in both the DBA
and DSB-based immunoassays. The similar intensities of this band in the two spectra of
Figure 3 agree to what we expected based on the similarity in the molecular structures of
the two types of reporters. We also note that the intensity ratios of the peak at 1075 cm™ to
the peak 1585 cm™ in the two spectra are slightly different, possibly reflecting the orientation
difference of the two types molecules when adsorbed on surface.

There are two additional bands observed in the DBA spectrum, both with very low
intensities. The band at 1420 cm™*, which appears as a shoulder on the broad glass band
(i.e., Si-O stretches) around 1390 cm, is strongly characteristic of a COO" symmetric .
vibration, while the 1150 cm™ band in the DBA spectra is tentatively assigned to a C-OH
stretching mode. In summary, replacing the carboxylate group with succinimide group has
only a minor influence on SERS signal derived from the benzene structure in the DBA and
DSB molecules. The Raman signatures from the carboxylate group diminished in the DSB
spectrum, verifying the synthesis product.

Dose-response curves. The strongest SERS band at 1075 cm™ was used as

readout in the immunoassay experiments. Figure 4 plots the intensity of this band versus
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the concentration of the antigen, rat IgG, with either the co-immobilized (4a) or the
covalently-linked colloids (4b) as detection reagent. In both experiments, SERS signals
show proportional response to the antigen concentration almost over the entire tested
concentration range, representing a dynamic range of nearly 8 orders of magnitude. The
solid lines represent the curve fitting of the immunoassay data based the four-parameter
logistic model, a common regression model used for describing sandwich type
immunoassays.30 The slope of the curve suggests how the readout signals quantify
samples of different concentration; the larger the slope, the easier the distinction. Two
important parameters obtained from the curve fitting will be discussed with more details in
the later sections. One is the expected signal at zero dose, which is also called the negative
control signal, the other is the expected signal at infinitely high or saturation dose, which is
also called the positive control signal.

Limits of detection. When working with samples at low concentration, we found it
was more difficult to distinguish the analyte signal (S) accurately from that at zero dose than
from the spectral noise (N). For example, even the signals from the negative control
samples, were readily distinguishable from the noise in the spectra with S/N larger than 3 in
both experiments. We therefore define the limit of detection (LOD) as the concentration
associated with a response three times the mean response obtained at zero dose. The
LOD is around 0.22 ng/mL when employing the co-immobilized reagent, but lowered to 0.04
ng/mL with the use of the covalently-linked reagent.

The difference in LOD is largely due to the different SERS intensities observed for
the two negative control samples, which were obtained through the same assay procedure,
using samples at a concentration of zero (i.e., buffer only). Indeed, the difference in the
negative control signals, which refiect different extents of nonspecific binding, is a major

difference between the two sets of results. The colloidal reagent prepared using the co-
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immobilization approach seemed to yield a more pronounced nonspecific binding, and
therefore, a higher Raman signal (145 counts) for the negative control sample (from curve
fitting, S is 164 counts at zero concentration). In comparison, the colloids modified via the
covalent linking approach yielded a much lower signal (22 counts) from the negative control
(32 counts based on curve fitting).

Scanning Electron Microscopy images of these sample surfaces showed that a
higher colloid density was observed on the capture antibody substrate when using the co-
immobilized reagent, supporting the conclusion that a higher extent of nonspecific binding
occurs with these samples. We attribute the increased nonspecific binding of the co-
immobilized colloids to the weak interaction between the antibody and the colloid surface.
This interaction is weakened due to the partial coverage of the reporter molecules on the
colloid surface, which reduces the surface area on a colloid that can interact with the
antibody and hence weakens the binding. This weak interaction can result in vacancies on
the reporter-labeled immunogold colloid, and lead to its nonspecific binding with the
antibodies on the capture substrate. Covalent coupling reduces this complication, which in
turn, lowers the amount of nonspecific binding.

In addition to the negative control signal, all the spectra obtained with the covalently-
linked colloidal reagent were of lower intensity than those obtained with the co-immobilized
colloid for samples of same concentration. Based on the characterizations on the gold
island film in Figure 3, we do not believe that the lower intensity observed with the
covalently-linked immunogold is due to the difference in the Raman scattering intensity
between the DSB and DBA molecules. We suspect that the lower signal in Figure 4b may
arise from an increased extent of antibody denaturation due to covalent linking, which

lowers the “active” detection antibody levels on the colloid surface. It is also possible that
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the difference in intensities reflects a more extensive nonspecific binding when using the co-
immobilized colloids.

It is important to note that, aithough the co-immobilized colloids yielded much higher
absolute Raman signals, the relative signals that normalized to the signal at zero dosage
were always higher when using the covalently-linked reagent for detection. The curve fitting
results show, for example, that the expected signal at the saturation dosage for the co-
immobilized reagent is aimost 2.5 times higher than that obtained using the covalently-linked
reagent. However, the ratio for the signals at saturation dosage with respect to those at
zero dosage is 50% larger for the covalently-linked reagent. The higher ratio suggests a
sharper contrast between the positive and the negative control signal and therefore a more
accurate distinction between an analyte and a blank sample.

Reproducibility. The colloidal suspension prepared from the covalent linking
approach was also more stable in solution and less susceptible to aggregation. These
observations explain the lower run-to-run variation observed when using the covalently-
linked reagent (~10%) compared to that when using the co-immobilized reagent (>20%).
We also noted that when starting with a new batch of reporter-labeled immunogold reagent,
the batch-to-batch variation was even more significant and sometimes up to 100% when
using the co-immobilized reagent. We suspect this difference represents the importance of
the first step in the colloid modification. It is less critical in the covalent linking approach
because DSB was always added at a level to ensure the exhaustive coverage of the
reporters on every colloid. However, it is very critical in the co-immobilization approach
since the dosage of DBA determined the reporter coverage on each colloid and hence the

signal intensity per colloid.
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Conclusions

Raman active immunogold colloids were prepared via two different approaches and
used in sandwich-type immunoassays. The co-immobilized reagent relied on the direct
adsorption of antibodies and reporter molecules onto the same colloid, while the covalently-
linked reagent was based on the covalent linking of antibodies to colloids through N-
succinimide groups of the reporter molecules. Dose-response curves of the model antigen
rat IgG showed dynamic ranges of more than eight orders of magnitude with either type of
colloid. The LOD was 0.04 ng/mL when using the covalently-linked reagent, and 0.22
ng/mL when using co-immobilized reagent. The covalently-linked reagent also had longer
shelf life, and showed better specificity and reproducibility in the immunoassay.
Experiments aimed at detecting analytes in more complex matrices are planned to evaluate

the potential usage of such colloidal detection reagent in a range of important applications.
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Figure Captions

Figure 1. Experimental setup for SERS measurements. P: polarization rotator; PB1 and
PB2: Pellin Brocha prisms; M: mirror; A: aperture; L1: cylindrical lens; S: sample
slide; L2: collection lens; NF: notch filter. See text for details.

Figure 2. UV-Vis spectra for SERS substrate characterization. (a) and (b) were obtained
from ~5 nm thick gold island films evaporated onto glass slides; a bare glass slide
was used as the spectral blank. (c) was obtained from a colloidal gold (5 nm)
suspension in a 1 cm path length glass cuvett; deionized water was used as the
blank.

Figure 3. SERS spectra of the DBA and DSB reporter molecules adsorbed on gold island
film substrates: (a) DBA, (b) DSB. Both spectra were acquired under the same
experimental conditions with 10 s integration times (see text for details).

Figure 4. Dose-response curves of the intensity of the strongest SERS band (1075 cm™)
versus the rat IgG concentration: (a) using the colloidal detection reagent prepared
via the co-immobilized approach, (b) using the colloidal detection reagent prepared
via the covalent linking approach. All the experimental data was acquired under the
same experimental conditions with 10 s integration times. The error bars represent
the variation of SERS signal for five different measurements across the same sample
surface. The solid lines represent the curve fitting results of the experimental data

based a four-parameter logistic model.
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GENERAL CONCLUSIONS

Research Overview

The main objective of my doctoral research is to design, create, and test new
methods for high throughput chemical and biological analyses. Approaches have taken two
parallel directions. The first approach takes advantage of micromachining technology to
miniaturize widely used analytical instruments. This new class of instruments not only
represents an extensive size reduction for payload minimization but also greatly reduces the
consumption of materials and the generation of wastes. Specifically, this effort focused on
developing a chip-scale liquid chromatographic (LC) device, in which analyte retention can
be manipulated electrochemically. The second approach aimed at obtaining a high
throughput of information by the simultaneous detection of multiple species. It targets the
development of a multi-analyte immunoassay detection scheme using surface enhanced

Raman spectroscopy (SERS) and labeled gold colioids in “biochip" format.

LC-on-a-Chip

This project couples thg well-known analysis capabilities of LC instrumentation with
opportunities for miniaturization using micromachining tgchniques for integration of the key
functional components (i.e., column, detector, pump, and injector) onto a chip-scale
platform. Miniaturized pump and valves based on electrochemically controlied mercury
surface tension changes were constructed, chip scale LC columns were fabricated, and
separations of two fluorescent dyes were demonstrated in this project.

The first phase of this project involved the construction and testing of mercury-based
small fluidic controlling components, such as pump and valves. The pumping principle

relies on the electrochemically-induced changes in surface tension at the
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mercury/electrolyte interface, which is translated into a piston-like actuation of the mercury
column. Chapter 1 summarizes the development of such pumps.

The mercury pump was also reconfigured to function in a valve format by
incorporating a glass piston into the pump. Here, mercury actuation induces movement of
the piston, which can be adjusted by varying the mercury surface tension through changes
in applied potential. The extent of the displacement of the piston opens, closes, or partially
opens the flow channel, altering the fluid flow rate. The performance characterizations and
applications to flow injection analysis are given in Chapter 2.

The second portion of this project targeted at the design and fabrication of chip-scale
LC columns as well as demonstrating the use of these columns for separation purposes.
This work, part of which was done in a collaboration with micromachining experts at the Jet
Propulsion Laboratory, has produced several small diameter (20-1000 um) flow channels in
different types of substrates, such as glass, silicon, glassy carbon and polydimethyisiloxane
(PDMS), and with different cross section shapes. Two fluorescent dyes were successfully
separated within some of these channels in an open tubular liquid chromatography (OTLC)
format.

Encouraged by the separation results obtained with the OTLC columns, a chip for
electrochemically modulated liquid chromatography (EMLC) was constructed by depositing
a thin layer of gold or carbon at the bottom of the glass trench, as working electrode and
stationary phase. The auxiliary and reference electrodes were also integrated inside the
flow channel in a dual-comb arrangement. We showed that the analyte retention was
controlled by varying the applied voitage on the working electrode in such a system. In
addition, we found that modifying the gold surface with different self-assembled monolayers
also changed the separation behavior, as a resuited flow rate and stationary phase

differences. These results were detailed in Chapter 3.
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Multianalyte Readout Scheme

Instead of reducing the size of analytical instruments, this project takes the approach
of increasing the readout capability of conventional instrumentation to increase information
output from a single address of a biochip. It focuses on the development of an
immunoassay readout system, which exploits the SERS signal from reporter molecules that
are co-immobilized with biospecific species on gold colloids. The narrow width of the
Raman bands and the rich chemical information in a Raman spectrum offer an opportunity
to distinguish several different species simultaneously.

The first effort of this project concentrated on the demonstration of a simultaneous
multianalyte detection concept by using different Raman reporters in conjunction with
different detection antibodies. Two molecules were picked as reporters because of their
strong spectral intensity and minimal spectral overlap. The detection reagent was then
prepared by conjugating antibodies to the reporter-labeled gold colloids. The concept was
demonstrated in a dual-analyte sandwich immunoassay. We show in Chapter 4 that by
using two different labels with little spectral overlap, two antigenic species could be detected
simuitaneously on a biochip.

In Chapter 5, this work was extended to a focus on obtaining quantitative
immunoassay results. Two different types of extrinsically labeled Raman-active immunogold
were compared in terms of reagent stability, sensitivity, and specificity. One relied on the
co-immobilization of antibodies and reporter molecules directly on the same gold colloid; the
other was based on the covalent linking of antibodies to the colloids via functionalized
reporter molecules. The covalently linked immunogold reagent demonstrated an improved

specificity and reproducibility in assay.
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Prospectus

The presented work opens two research fields within our group: microfiuidics and
Raman spectroscopy. Like every new concept, it offers a great opportunity of exploration,
and there are still many things can be done to further the work.

For example, current work demonstrates the concept of using the integrated
mercury-based pump and valves for controlied fluid delivery. However, a stand alone
micropump/valve does not offer much more benefits than the commercially available small
pumps offered by Lee Company. The strength of novel types of micropumps, therefore, lies
on its compatibility in the integration with other microcomponents, such as microchannels
and microdetectors. Due to the limited access to fabrication facilities, the mercury pump
developed so far is only “meso-scale” in size. So in order for it to be integrated with other
microcomponents, this mercury-based fluidic delivery system needs to be further
miniaturized to micron dimensions. In theory, the “downscaling” of the pump/valve to this
size will result a system whose performance matches the needs (e.g., pressure and flow
rate) of microfluidic devices.

Perhaps the most promising aspect in this work is the potential application of the
described microfluidic channeis to combinatorial liquid chromatographic devices. For
example, coating the inner walls of an array of microfluidic channels with a thin film of goid
and flowing different thiol-containing modifiers into different channels, will form different
monolayer-based stationary phases in the microchannel array. This microfluidic array can
then be used to analyze a sample mixture under different chromatographic conditions
simultaneodsly. By extension, combinatorial EMLC analyses can be performed by adding a
set of electrodes to the microchannels and controlling the voltage applied to each electrode.
In this device, separation can perform simultaneously on stationary phases of same

chemical composition but with different surface charge densities. Both types of devices will
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be able to increase the analysis throughput by performing combinatorial analysis using
microfiuidic arrays.

The SERS active immunogold reagent described in Chapter 4 and 5 may have the
potential to be developed into a standard immunoreagent for research and clinical uses, as
an addition to the widely exploited fluorescent-tagged immunoreagents. The stability and
specificity of these reagents as well as the sensitivity of the technique still needs to be
assessed using more complicated, real working samples. Other types of Raman labels with
strong signal intensity but minimum spectral overlap need to be identified in order to detect
many more species simultaneously, therefore increasing the readout throughput.

In summary, | believe the microfiuidic and the SERS-base immunoassay are two
promising research topics that merit further exploration. The success in either field could

eventually benefit areas such as drug discovery, disease diagnosis, and environmental

monitoring.
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